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1. Introduction

Neuromorphic computing seeks functional materials capable of emulating

brain-like dynamics to solve computational problems with time and energy
efficiency, outclassing current transistor-based hardware architectures. Major
efforts are focused on integrating memristive devices into highly regular
circuits (i.e., crossbar arrays), where the information representation in indi-
vidual memristive devices is closely oriented toward the behavior of artificial
neurons. However, artificial neurons are rather rigid mathematical concepts
than realistic projections of complex neuronal dynamics. Neuroscience sug-
gests that highly efficient information representation on the level of individual
neurons relies on dynamical features such as excitatory and inhibitory contri-
butions, irregularity of firing patterns, and temporal correlations. Here, a con-
ductive atomic force microscopy approach is applied to probe the memristive
dynamics of nanoscale assemblies of AgPt-nanoparticles at the stability
border of the conducting state, where physical forces causing the forma-

tion and decay of filamentary structures appear to be balanced. This unveils
a dynamic regime, where the memristive response is governed by irregular
firing patterns. The significance of such a dynamical regime is motivated by
close similarities to excitation and inhibition-governed behavior in biological
neuronal systems, which is crucial to tune biological neuronal systems into a
state most suitable for information representation and computation.
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Technical implementation of computa-
tional principles from complex neuronal
assemblies such as mammalian brains
is currently the focus of the search for
unconventional hardware approaches,
which aims to overcome fundamental
limitations set by modern transistor-based
hardware technology, such as limited
miniaturization capabilities or the von-
Neumann bottleneck.! Closely connected
to this is the development of memris-
tive devices, which embody two-terminal
resistive switching elements with non-
linear dynamical behavior.? The major
significance of memristive devices is their
ability to implement synaptic-like func-
tionalities in technical circuits through
their reconfigurable conductance.>-® Cur-
rent approaches for the implementation of
brain-inspired computation paradigms are
mostly focused on highly regular crossbar
arrays of memristive devices, e.g., with
the intent of applications for in-memory
computing, for vector-matrix multiplica-
tion in mixed-precision hardware imple-
mentations and many more.”# Despite substantial advances
in this technology, which was mainly driven by opportunities
to perform artificial neural network algorithms directly from
the underlying physics of memristor crossbar arrays,* it is
still away from reaching a level of brain-like complexity with
emergent dynamical features as found in biological neuronal
systems.'2l One reason for this is that design principles for
memristive devices are commonly oriented toward rather rigid
mathematical constructs, effectively modeling isolated aspects
of synaptic or neuronal behavior omitting the full complexity
of a realistic biological neuron. In contrast to that, the compu-
tational capabilities of biological neuronal systems trace back
to their reconfigurable connectivity, dynamical synaptic fea-
tures, and spatio-temporal plasticity, with all of these aspects
being inseparably interwoven. These complex networks incor-
porate rich adaptability mechanisms on the local level (i.e., on
the level of individual synapses and neurons), which allows the
whole network to self-organize into a regime that is functional
for information representation and processing.l’} Some func-
tional principles found on the local level of biological neuronal
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systems are, among others, balancing excitatory and inhibitory
synaptic contributions to signal processing *°l or modula-
tion of synaptic signal transmission efficiency [l on short- and
long-term scales. In particular, for an efficient representation
of information, which is present in biological systems in the
form of irregular spike trains, the interplay between excitatory
and inhibitory contributions has major importance.l®! The
combination of local neuronal and synaptic behavior along
with the complex network connectivity are leading to emer-
gent dynamics, which are considered as crucial for the com-
putational capabilities of the brain.'>1¥] Taking these aspects
as an inspiration, there are recent approaches to build neuro-
morphic systems which focus more on experimental findings
from neuroscience and less on artificial neural network algo-
rithms. For example, long-range temporal correlations and
scale-free avalanches (both are well-described dynamics gov-
erning the spontaneous activity of biological neuronal systems
12.20.21l) were implemented in randomly assembled networks of
metallic nanowires 1?2 or nanoparticles.?>-?% This allows for the
creation of neuromorphic systems approaching brain-like com-
plexity in the dynamics, which are beneficial for the mapping of
spatio-temporal information and therefore believed to be suit-
able for computational schemes like reservoir computing.2*%’]
Furthermore, diffusive memristive switching attracted interest
for the implementation of enhanced synaptic functionalities in
neuromorphic systems.[?8-3% The characteristic feature of a dif-
fusive memristor is the volatility of the conducting state, which
originates from permanently acting relaxation forces driven by
interfacial energy minimization, causing spontaneous decay
of conductive filaments.?! Diffusive memristors in a conven-
tional sense implement a highly non-linear threshold behavior,
characterized by a certain threshold voltage Vr. When a voltage
V > V; is applied, a diffusive memristor occupies its con-
ducting state, otherwise it relaxes back to its insulating state.l*?!
Based on the inherent volatility, functionalities like short-term
plasticity B% and regular spike-pattern generators 1%l can be
deduced, which are both important contributions to creating
neuromorphic systems inspired by the real behavior of biolog-
ical neuronal systems.

Pathways for the imitation of the realistic complex behavior
of individual biological neurons toward emulation of excitatory
and inhibitory contributions were not pursued so far. However,
this would open up new approaches for the design of neuro-
morphic systems with a close orientation toward biological
neuronal systems. One major reason why biological neuronal
systems adapt excitatory and inhibitory contributions is to maxi-
mize the dynamical range,®3*3°] a parameter that is crucial for
computational capabilities.'*3 To explore pathways, that allow
emulating principles of biological excitatory and inhibitory con-
tributions, we investigated the dynamics of a memristive system
built by an intermediate-scale AgPt nanoparticle (NP) assembly.
Here, the term “intermediate-scale” is used in order to discrimi-
nate the AgPt NP arrangement on the one hand against “large-
scale”, interconnected NP networks at the percolation threshold,
which exhibit collective switching properties such as avalanche
dynamics, and on the other hand against “low-scale” nanocom-
posites with sparse distribution of nanoparticles inside a dielec-
tric matrix, which typically exhibit conventional diffusive mem-
ristive switching. To study the memristive switching dynamics
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in intermediate-scale AgPt NP assemblies, in this work the
full memristive stack was integrated directly into the apex
region of a conductive cantilever. This functionalized cantilever
was used to probe the current response upon application of a
voltage stimulus over prolonged times via a common conduc-
tive atomic force microscopy (CAFM) setup. The main advan-
tage of using this unconventional cAFM approach is an efficient
localization of the memristive action of the intermediate-scale
AgPtNP assembly to the cantilever apex, which enables long-
term measurements on memristive switching phenomena,
their dynamics, and their temporal correlations. This approach
already proved well for probing the dynamics on longer time
scales of an individual Ag-filament evolved from a thin film
electrode (full details of this previous study can be found else-
where 7). While the abovementioned cAFM-related approach
targets fundamental studies on long-term, highly localized,
filamentary switching, there are also approaches that intend to
bring cone-like to tip-like structures to the fabrication of mem-
ristive devices on chip and wafer levels.[38-4

With an intermediate-scale AgPt NP assembly at the apex of
a cAFM cantilever, in this study it was possible to constrain the
memristive system to a highly volatile switching regime (in the
nA range) which is strongly governed by repeated decays of the
conducting state, leading to the emergence of irregular spiking
patterns, resembling the firing activity of neurons in biological
systems. With these fundamental investigations of highly vola-
tile resistance states and the dynamical transitions therein, this
study provides first indications that link the balance of physical
forces causing the formation and spontaneous decay of fila-
mentary structures to excitatory or inhibitory-like contributions
and as such unveils novel perspectives for the design of future
neuromorphic systems.

2. Design of Memristive Test System and
Operation Conditions

AgPt NPs were chosen in this work for the formation of the
memristive system. Such bimetallic NPs were already reported
to be feasible for the stable implementation of diffusive mem-
ristive switching on the nanoscale.?? For the studies in this
work, we made use of an unconventional cAFM approach,
which already proved beneficial for the investigation of diffu-
sive memristive dynamics of nanoscale Ag-filaments.’’] This
approach implies a persistent integration of the memristive
system directly at the cantilever apex, instead of conventional
cAFM probing. Following this approach, the test system for this
work is a cantilever functionalized with a memristive system
of AgPt NPs encapsulated in an insulating matrix consisting
of SiO,N;. This test system was fabricated by taking a com-
mercially available Pt-covered cantilever (Bruker CONTV-PT)
and successive coating starting with 5 nm SiO,N,, followed
by AgPt-NPs and finally a 5 nm SiO.Ny covering. A schematic
depiction of the memristive stack on the memtip cantilever as
well as the test system is given in Figure 1a,b, respectively. An
scanning electron microscopy (SEM) micrograph depicting the
apex region of the memtip cantilever is shown in Figure lc.
Additional SEM images of the functionalized cantilever can be
found in Supporting Information S1.
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Figure 1. Illustration of the memtip cantilever layout and test system. a) The memristive dynamics of a nanoscale assembly of AgPt-NPs are probed via
an unconventional cAFM approach, where the memristive system consisting of AgPt-NPs encapsulated in an insulating SiO,N, matrix is persistently
integrated at the cantilever tip. By this, the memristive action of AgPt NPs is efficiently constrained to the electrical field-enhanced apex area with the
intention to avoid experimental uncertainties induced by thermal drift and lacking localizability of memristive action. b) The cantilever with an integrated
memristive system is brought into contact to an Au counter electrode and probed via voltage ramps. Memristive action is triggered in the apex area
causing field-induced rearrangements of Ag atoms within the SiOxNy matrix and measured conductance depends on the configuration of potential
switching gaps. Potential filamentary-type switching gaps are indicated by red zigzag lines. c) A SEM micrograph of the cantilever decorated with AgPt

NPs, recorded at the apex of the memtip cantilever.

Resulting from the cantilever functionalization, the studied
memristive system can be understood as an intermediate-
scale assembly of AgPt NPs. Reservoirs of mobile species from
which filamentary structures are formed (i.e., Ag) are distrib-
uted over the location of NPs. Furthermore, each gap between
adjacent NPs could contribute to the memristive response of
the system. The according scale of the memristive system is
defined by the geometry of the apex region, i.e., it is determined
by the active area during cAFM measurements. The scale of the
memristive system can be estimated from the order of the apex
curvature radius, that is 25 nm according to the specifications
of the used cantilever model. From this, it can be expected that
the memristive systems extend over multiple AgPt NPs and
that the response of the system includes the memristive activity
of several nanogaps across the system. Characterizations were
done by establishing a contact between the cantilever with an
integrated memristive system and an Au surface (as a typical
representative for an inert counter electrode) and conduction of
voltage sweep experiments. Taking Au as a back electrode, we
expect ohmic contacts between the evolving filaments and back
electrode material.’’] Figure 1b illustrates the experimental sce-
nario designed in this work. The advantage of using a function-
alized cantilever as a memristive test system is, that it creates
stable conditions regarding the nanoscale positioning of probe
and sample. Therefore, any stochastic drift (e.g., induced by
thermal motion) between cantilever and memristive system
consisting of AgPt-NPs, which would impose considerable
experimental uncertainties during longer measurements,*#2
are mitigated. Due to the inherent electrical field enhancement,
the memristive action is efficiently constrained to the cantilever
apex, which reduces uncertainties with respect to spatial locali-
zation of memristive action. Consequently, this ensures that the
observed memristive action originates consistently from the
same intermediate-scale AgPt NP assembly. We took three dif-
ferent measures to establish operation conditions, which drive
the AgPt NP system into a highly volatile switching regime.
Firstly, AgPt alloy NPs were deliberately chosen to achieve a
strict limitation of active species. Pt as a noble metal remains
electrochemically inert and resides as immobile anchor points
in the system, whereas only the Ag-fraction contributes to the
formation of filamentary structures. Second, a serial 1 GQ
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resistor was integrated into the measurement circuit. This
strongly restricts the (Ag*ion based) material transport and
avoids the formation of persistent conducting paths, which
arise when the diameter of filamentary structures approaches
the regime of long-term stable filaments.?! Lastly, we stimu-
lated the system with a regular triangular voltage signal with
amplitudes of 1 V and -2.5 V to include lower-bias periods,
allowing the system to relax repeatedly, which turned out to be
non-destructive for longer measurements.

3. Results

The utilization of a cantilever with an integrated memristive
system consisting of AgPt NPs encapsulated in SiO,N,, together
with the operation conditions as described above, proved to be
suitable to investigate the dynamics in a highly volatile regime.
We operated the intermediate-scale AgPt-NP assembly over
8000 repeating voltage cycles, where a considerable fraction of
cycles exhibited switching patterns, as represented in Figure 2a.
Regarding the positive polarity, throughout the measurement
series, we restricted the applied bias to be below the threshold
of memristive switching (the 1 V amplitude at positive polarity
does not induce sufficient driving force to overcome the activa-
tion barriers in the underlying memristive switching kinetics
[434]) " Such a threshold behavior is commonly observed in dif-
fusive switching devices, hence, periods with positive polarity
had a sub-threshold character, where forces leading to decay
of conducting states are prominently acting on the AgPt NP
system. At periods with negative polarity, sufficient driving
forces exist to form filamentary structures and to trigger transi-
tions into conducting states. It can be seen, that the AgPt NP
system responded via complex switching patterns, governed
by several switching events accompanied by repetitive decay of
conducting states. This is indicative of the high volatility of the
conducting states established by this operation regime. Details
on the physical mechanisms which are manipulating the
states of the AgPt NP system and its conductivity are treated
in the discussion part. We note, that not the entire amount of
measured cycles exhibited such a complex switching pattern.
Among the entire measurement, there are also many cycles
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Figure 2. Representation of highly volatile memristive switching
dynamics of the intermediate-scale AgPt NP assembly. a) A representa-
tive 1V-diagram showing the current response upon triangular voltage
stimulation. At negative polarity, the threshold region for transitions into
conducting states is reached, where the memristive dynamics are gov-
erned by irregular fluctuations between insulating and conducting states.
A more detailed illustration of the switching events in this cycle is shown
in Supporting Information S4. The observed repeating decays of the con-
ducting state are denoted in the frame of this work as “inhibitory-like”
spiking events (ISEs). b) Alternative illustration of ISEs via plotting con-
ductance versus time for ten consecutive cycles. For better readability, all
data points belonging to positive polarity are omitted and each conduct-
ance value lower than 0.01 nS is cropped to the level of 0.01 nS (blue
dotted line, limited by the measurement resolution and representing the
insulating state of the memtip). Detected (see Experimental Section) ISEs
are indicated by red vertical lines. c) shows a sequence of ISEs within a
single measurement cycle, corresponding to a magnified view of the cyan
box in (b).

included that show the dynamics of a conventional diffusive
memristor, as shown in Supporting Information S2. Addition-
ally, many measurement cycles suggest, that the intermediate-
scale AgPt NP assembly can occupy multiple conductive states.
A typical example of this is shown in Supporting Information
S3. An alternative illustration of the highly volatile memris-
tive dynamics is given in Figure 2b, showing the memristive
response from sequential cycles in terms of conductance of
the AgPt-NP system in series with the 1GQ resistor versus
time. From this, it can be seen that the memristive response
partially resembles that of a diffusive memristor, i.e., there are
clear threshold switching events between the insulating and
conducting states and at zero-bias conditions, there is only an
insulating state present. However, the complexity of memristive
dynamics described here goes beyond to that of a conventional
diffusive memristor. That is, because, at voltages that are higher
than the threshold for the transition into conducting states,
there is a certain probability for a spontaneous decay of the con-
ducting state, whereas for a conventional diffusive memristor
a permanent occupation of the conducting state is assumed.
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A magnified view in Figure 2c shows a more clear illustration.
Despite increasing voltage stimulation, switching into the con-
ducting state is not permanent above the threshold voltage, but
superimposed by repetitive spontaneous decays, as indicated by
the vertical red lines in the figure. The vast majority of these
repetitive decays appeared to be threshold-like, i.e., the transi-
tions between insulating and conducting states (and also vice
versa) occurred within time scales in the order of the temporal
resolution during the measurement (1.2 milliseconds) or below.
These dynamical features, evoked by highly volatile operation
conditions, goes beyond the dynamics of conventional diffusive
memristors.0-32]

Overall, the dynamics exhibited by the AgPt NP system are
expressed by irregular fluctuations between insulating and
conducting states. In this regard, there is a close resemblance
to neuronal spiking patterns in biological systems.***#] We
note, that our system is not equivalent to spike pattern genera-
tion via a relaxation oscillator circuit realized with a diffusive
memristor, like in.3% Relaxation oscillator circuits implement
regular spiking patterns with the aid of an external capacitance
(which allows to regulate spiking frequencies), whereas the
spiking in the memtip system has a more probabilistic nature.
In biological neuronal systems, information is encoded on the
level of individual neurons by irregular trains of voltage spikes,
emerging from excitatory and inhibitory signal inputs coming
from adjacent neurons.*l For biological neuronal systems, it is
important to maintain balanced contributions of excitatory and
inhibitory inputs, to achieve optimum capabilities to represent
and process information.!3l We propose that the highly volatile
switching regime of the intermediate-scale AgPt NP assembly
is able to emulate the balanced state of excitatory and inhibi-
tory contributions known from individual neurons and there-
fore offers similarities to the information encoding scheme as
known from biological neuronal systems. This will be argued
more deeply in the discussion part. In order to characterize the
irregular conductance fluctuations in the highly volatile opera-
tion regime more deeply, we introduce the term “inhibitory-
like” spiking event (ISE) as an edge, where a conducting state
of the AgPt NP system spontaneously decays (see red vertical
lines in Figure 2b,c). A function in Python was written to detect
ISEs in the whole measurement, where an ISE was detected
as a monotonic decrease of conductivity by at least one order
of magnitude. Following this definition, =20.5% of all meas-
urement cycles had at least 2 detected ISEs, i.e., they had an
increased dynamical complexity compared to conventional
diffusive switching. The count statistics of ISEs for the whole
measurement over 8000 cycles can be found in greater detail in
the histogram in Figure 3a Here, the distribution of cycles with
different numbers of detected ISEs is shown The distribution
indicates that there is a higher abundance in cycles with a few
ISEs and with increasing number of ISEs the distribution falls
off until it drops =102 ISEs per cycle. The temporal sequence of
number of ISEs in an individual measurement cycle is shown
as a plot against cycle number in Figure 3b. Here, it is observed
that the number of ISEs per cycle varies between cycles with
only one ISE and cycles with up to 104 ISEs. The distribution
of the variation in the ISE occurrence implies that the degree
of activity (in terms of number of ISEs) has a temporally cor-
related nature. This follows from the observation, that cycles
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Figure 3. Count statistics of ISEs detected in individual measurement cycles and autocorrelation behavior. a) histogram plot (logarithmic bin widths)
exhibiting the count of measurement cycles in dependence on the number of ISEs detected within an individual cycle. b) temporal evolution of ISE
activity as a bar plot of number of ISEs detected in an individual cycle versus cycle number. c) autocorrelation function (ACF) calculated for the
sequence of spike counts in (b), shown in red, indicates temporal correlations, meaning that cycles with a high/low number of ISEs are followed by
cycles with again high/low number of ISEs. The grey data points plot the ACF when the sequence of spike counts is shuffled, indicating the destruction

of temporal correlations.

with a high number of ISEs appear to occur accumulated
and not evenly distributed over the whole sequence of meas-
urements. The autocorrelation function (ACF) ¥ calculated
from the sequence of number of ISEs per cycle reveals the
presence of temporal correlations, as shown in Figure 3c. In
Figure 3c, the correlation of the number of ISEs of one meas-
urement cycle with respect to the previous cycles (delay) is
depicted. The correlation is high for low delays, i.e., for neigh-
boring measurement cycles, which indicates, that cycles with a
high/low number ISEs are likely to be followed by cycles with
again a high/low number of ISEs. The autocorrelation breaks
down in case the original data are shuffled (randomized data
in Figure 3c). The fact that dynamical features of the volatile
switching regime show autocorrelation behavior fit with earlier
studies on Ag-based memristive nanostructures.l’”) Under the
assumption, that the spike count within a cycle is substantially
determined by the momentary morphology of the intermediate-
scale AgPt NP assembly (i.e., momentary Ag-mass distribution
in the system), the occurrence of autocorrelation behavior can
be explained from timescales that govern significant morpho-
logical changes. Autocorrelations in the switching dynamics
occur when the timescales for significant morphological
changes (which have a major influence on the ISE count) are
larger than the time for one measurement cycle. Based on this,
the dynamics of consecutive cycles are similar, and consider-
ably different spike counts mainly arise when the measurement
has proceeded over a larger amount of cycles.

Furthermore, we characterized the temporal structure of
ISEs within individual cycles by means of the probability dis-
tribution of inter-event intervals (IEIs). One IEI was defined as
time between subsequent ISEs occurring within one measure-
ment cycle. Therefore, only measurement cycles showing at
least 2 ISEs contributed to the IEI evaluation. The probability
density function (PDF) represented on a log-log scale of all
detected IEIs is shown in Figure 4. It can be seen that the PDF
has a skewed shape. Skewed shapes commonly originate from
underlying lognormal statistics, which generally arise when
the random variable (IEI in this case) is a consequence from
multiplication of a multitude of other independent random
variables.] The occurrence of a skewed IEI distribution addi-
tionally supports dynamical similarities between spiking of bio-
logical neurons and the memristive AgPt NP system, because
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neuronal firing rates result from various interacting processes
and therefore frequently follow skewed distributions.! For
similar reasons, skewed distributions can be found in the
dynamical features of filamentary switching systems.’%! Here,
we speculate that the skewed distribution of IEIs is a reflection
of the multiple gap character on the intermediate-scale AgPt
NP assembly, meaning that transitions between insulating and
conducting state (and connected to this the detection of ISEs)
require a multiplicative interplay®! of multiple gaps in the
system.

4, Discussion

In the following discussion, we argue that the physical
forces, which are acting on the intermediate-scale AgPt NP
assembly and driving the highly volatile operation regime,
can be categorized into excitatory-like and inhibitory-like
contributions for meaningful reasons. Excitatory-like con-
tributions include all physical forces that promote the
formation of filamentary structures within the memris-
tive system, whereas inhibitory-like contributions include
all physical forces that cause the decay of filaments. We
further argue that this closely resembles the interplay of
exhibitory and inhibitory synaptic inputs, which deter-
mines the dynamics on a local level in biological neuronal
systems.[14716:33]

1 1 1
2

10° 10' 10
IEI [s]

Figure 4. Temporal structure of ISEs within individual measurement
cycles. Shown in the probability density function (PDF) of all time
intervals between sequential ISEs (inter-event interval |EIl) extracted from
individual cycles. The PDF suggests a skewed shape.
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4.1. Origin of Highly Volatile Switching Regime

Firstly, physical mechanisms that govern the observed irregular
spiking behavior are discussed. Most fundamentally, the meas-
ured conductance reflects the internal distribution of Ag within
the system.”? If there is a continuous metallic filament from
cantilever apex to the Au counter electrode a conducting state
is measured and, vice versa, the sample is in an insulating
state when a continuous filament is missing. In analogy to
the behavior of biological synapses,*% a conducting state of
the memristive system corresponds to high information trans-
mission, whereas there is no information transmission in an
insulating state. For Ag-based memristive systems, electro-
chemical metallization is the dominating mechanism leading
to the formation of filamentary structures.[**>3 Triggered by the
external electrical field across the memristive system, electro-
chemical oxidation of Ag occurs at anodic sites in the system,
and Ag*-ions are released into the matrix. The Ag*-ions are able
to migrate in the dielectric matrix (which is partially directed
due to the external field) until they become reduced at cathodic
sites in the system. Following these processes, a continuous
metallic filament may be formed, causing a transition into a
conducting state. Hence, the local electrical field, which relates
to the external electrical potential constitutes a force driving
the system into a conducting state, and therefore it can be seen
to act excitatory-like on the memristive system. Filamentary
structures in the memristive systems are destabilized by an
increased amount of interfacial energy, causing spontaneous
decay of filamentary structures.3®3! This is because filamen-
tary structures possess a larger surface-to-volume ratio with
high interfacial energy and the overall energy of the system
can be minimized through decay of filaments into spherical
clusters. In particular, according to this mechanism the vola-
tile dynamics of a diffusive memristor, i.e., the presence of
an insulating state at low bias conditions, can be explained by
shorter retention times of thinner filaments. Generally, this
driving force persistently acts against the formation of fila-
mentary structures and limits their lifetime. Therefore, it can
be considered to give inhibitory-like contributions to the AgPt
NP system, i.e., it drives the system toward the insulating state.
In the balance between the two abovementioned processes,
the serial resistor plays an important role The incorporation of
the 1GQ serial resistor to the circuit limits the memtip’s capa-
bility of retaining a stable filament and evokes additional fila-
ment instabilities, due to a voltage divider arrangement. After
switching into a conducting state, the electrical field across
the memristive system becomes strongly reduced (nearly the
entire voltage now drops across the 1GQ resistor), meaning that
the excitatory-like driving force (i.e., the electrical field across
the memristive system) is inherently diminished, as soon as
the memristive system reaches a conducting state. With this
shift in the balance between the filament formation processes
(excitatory contribution) and the filament dissolution processes
(inhibitory contribution), the main difference to conventional
metal cation-based filamentary memristors has to be pointed
out: While the fundamental mechanisms of filament formation
and disintegration are valid throughout different device classes,
the balance between excitatory and inhibitory forces changes
from stable bipolar devices over conventional diffusive devices
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toward the highly volatile switching, which is described in this
work. Depending on this balance. the filament lifetimes (i.e.,
retention time of conducting state) is consequently either much
larger than the IV loop recording time (for bipolar memristive
switching), similar (for conventional diffusive switching), or
lower (for highly volatile switching), respectively. Similar to the
memristive system in this work, Ag-based nanostructures have
been previously reported in the context of diffusive memristive
devices.[283032] Tn such conventional diffusive memristors, the
operational regime has characteristic threshold voltages Vggr
and Vggspr- These threshold voltages define a stable conducting
regime (when voltages V > Vgpy are applied) and insulating
regime (at voltages V < Vggsgr). A distinct threshold voltage
for the transition into a conducting state as in conventional dif-
fusive memristors is observed, when at voltages V > Vggy the
driving forces causing filament decay are compensated. Fila-
ments are more resilient toward spontaneous decay when they
have a larger diameter.?Yl In previous work, this conventional
diffusive memristive switching behavior could also be observed
at the level of a single Ag-based alloy nanoparticle, which
was probed by cAFM.BP?Z In contrast, the intermediate-scale
AgPt-NP system, which was investigated in this work, does
not exhibit distinct threshold voltages Instead, after the first
switching event to a conducting state (i.e., notably at voltages
V> Vgpr) within one measurement cycle, repetitive decays, and
reformations of the conducting state are observed, leading to
an irregular spiking pattern. The occurrence of multiple, cor-
related switching events (i.e., ISEs) per cycle, constitutes a fur-
ther increase in the volatility of the filamentary conduction and
as such a shift from conventional diffusive switching toward a
highly volatile regime.

We hypothesize, that such dynamics can be observed, when
neither the excitatory-like nor inhibitory-like mechanism acting
on the filamentary structures is dominant, but rather balanced,
causing morphological fluctuations of the filament, which
repetitively opens and closes a conducting path. To support this
hypothesis, the transition from conventional diffusive memris-
tive behavior toward highly volatile switching (see Supporting
Information S5) was reproduced in a lookup-table model based
on experimental data from a single SiO,/AgPt-NP/SiO, junc-
tion.?? As the applied serial resistance effectively limits excita-
tory contributions when the device is in a conducting state, the
transition toward a highly volatile regime is observed when the
serial resistance was increased. This corroborates that via pre-
cise tailoring of the balance between excitatory and inhibitory
contributions different operational regimes of diffusive mem-
ristive systems can be obtained.

4.2. Similarities to Neuronal Behavior

Interestingly, the highly volatile memristive regime observed
in this work resembles operational principles on the level of a
few neurons in biological neuronal systems, which is discussed
in the following. In certain neuronal configurations, excitatory
and inhibitory synaptic inputs play a crucial role in the activity
of an individual neuron. This is emphasized in Figure 5 (left)
by a typical feedback inhibition configuration.’3>>¥ A neuron
(E1) receives an input, causing it to excite an adjacent neuron
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Figure 5. Analogy between neuronal feedback inhibition circuit and diffusive memristive systems in a highly volatile regime. Left: lllustration of feed-
back inhibition, which substantially contributes to information representation and processing in biological neuronal systems.?>> An Input (sketched
as an action potential) arrives at neuron E1, which in turn excites neurons E2 and I1. E2 is responsible for a feedforward flow of information, whereas
12 incorporates a feedback loop that inhibits the activity of E1 (meaning that activity of E1 causes its own inhibition). Right: Representation of driving
forces acting on the memristive system. Starting with the insulating state (i.e., no continuous filament exists), when an external voltage is applied,
the majority of the electrical field drops across the memristive system (Vz/V), denotes the field across the serial resistor/ memristive system), which
excites the formation of a filament. In the conducting state, V), is low and interfacial energy in the system AE,s.ce gets increased due to filamentary
structures, both promoting the instability of the conducting state. Hence, when the memristive system switching into the conducting state, the fila-

mentary structures are inherently destabilized.

(E2), which denotes regular information transmission in bio-
logical neuronal system. Besides excitation of E2, a recurrent
connection (I1) gets also excited, which again inhibits the excit-
ability of neuron E1. All in all, the fact, that neuron E1 transmits
information within a neuronal network, inherently triggers its
own inhibition. We argue that such kind of behavior can be
imitated by the physical mechanisms acting during the highly
volatile operation regime of a filamentary memristive system.
Figure 5 (right) depicts the scenario for a memristive system
in analogy to the neuronal configuration. When an input (e.g.,
voltage signal) is received by the memristive system, transmis-
sion of information may be triggered (i.e., switching to a con-
ducting state). As a consequence, this shifts the electrical field
across the serial resistor and the inhibitory-like mechanisms
now significantly contribute to the state of the memristive
system. However, we note that the strength of inhibition on the
memristive system cannot be readjusted arbitrarily, which is a
prominent deviation in the analogy to neuronal systems.>>>¢ A
short discussion on this is given in Supporting Information S8.

In biological neuronal systems, the excitatory and inhibitory
contributions are inseparable, and especially to have a balance
between both, has major importance for the computational
capabilities.?># Biological neuronal systems optimize the ratio
of excitatory and inhibitory contributions, to reach an activity
level of neurons with a maximized dynamical range.l®34 The
dynamical range can be understood as the number of different
spiking patterns a population of neurons can show evoked by
stimulation.®! If a neuronal population could only occupy a
few different activity patterns (i.e., dynamical range is low), this
population would have no chance to represent a broad range
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of information, which is strongly obstructive for computation.
When excitation within the biological neuronal system would
be highly dominating, any evoked activity would trigger highly
correlated and exploding activity between neurons, which
makes separation of the evoking stimulus difficult (on the
other extreme, a too high degree of inhibition would suppress
any information transmission). For this reason, in biological
neuronal systems, the activity is regulated by inhibitory contri-
butions, to increase the dynamical regime of neurons to bring
the whole network into a state which is most efficient for infor-
mation representation and transmission.

In a similar way, as inhibition increases the dynamical
range in biological neuronal systems, the pronounced impact
of physical forces causing repetitive decay of conducting states
also strongly increases the dynamical range of the memristive
system. By this, a broad range of spiking patterns can be real-
ized with a nanoscale memristive system, in close resemblance
to the behavior of neurons. This enhances the role of diffusive
memristive systems for the design of neuromorphic systems
by the strategy, to increase the dynamical range through con-
finement in a highly volatile switching regime. We note that
such behavior cannot be conceived by typical neuron models
or be readily applied in artificial neuronal networks. However,
it could be interesting, to explore this strategy for applications
in reservoir computing, which requires that information input
(having a spatio-temporal nature) is mapped into a higher-
order complex space, called a reservoir.?®>’ Recently, it was
demonstrated that diffusive memristive systems are suitable as
network elements to create a reservoir.”® Overall, considering
that the dynamic range of diffusive switching can be increased

© 2023 The Authors. Particle & Particle Systems Characterization published by Wiley-VCH GmbH

85LB01 7 SUOLLLIOD BAIIE1D) 3[cfedtdde U Aq peusenob ae Sl VO ‘85N JO 3Nl o} Akeidi8UlIUO A8]IA LD (SUONIPUOD-PUE-SWLBIL0D" A | IM Afe.d/BU UO//STIY) SUONIPUOD PUe SIS 1 8L 89S *[6202/0/TE] Uo Ariqauljuo A(IM ‘IS eAIIN-SI9Iq | V-UeisLYD AQ TET002Z02 95dd/Z00T 0T/10p/Wod A8 | Akeiqpuljuo//:sdny woij pepeoiumod ‘€ ‘€202 ‘L TTYTZST



ADVANCED
SCIENCE NEWS

Particle

www.advancedsciencenews.com

when the memristive system is operated in a highly volatile
regime, similarly as it is done in biology through balancing
excitatory and inhibitory contributions, enhanced strategies for
engineering reservoirs with improved computational capabili-
ties could be realized.

5. Conclusion and Outlook

In summary, the memristive switching dynamics of an inter-
mediate-scale AgPt NP assembly were investigated via cAFM
under constraint operation in a highly volatile regime. Estab-
lishment of the high volatility was reached through measures
(incorporation of 1GQ serial resistor, limited reservoir of Ag,
operation under a triangular voltage signal) which strongly
limits the Ag-mass transport. The memristive switching was
governed by repetitive formation and decay of conducting
states, resulting in a highly dynamical regime resembling the
irregular spiking patterns of neurons in biological neuronal sys-
tems. To describe this regime, we introduced “inhibitory-like”
spiking events as probabilistic decays of conducting states at
voltages above the threshold voltage for diffusive switching. By
this, the investigated dynamics can be understood as an exten-
sion of conventional diffusive switching toward an increased
dynamical range, which could provide computational benefits
for the design of neuromorphic systems. This was argued by
the close resemblance to the behavior of individual neurons in
biological neuronal systems, where the dynamics are shaped
through a balance of excitatory and inhibitory contributions in
order to tune the system into a dynamical regime that has a
high potential for bio-inspired computation.

This study demonstrates on a fundamental level that inter-
mediate-scale filamentary memristive systems can be con-
strained into a highly diffusive regime, which may prove
interesting for a later transfer to real device implementation.
Engineering devices that implement the highly volatile opera-
tion regime could be useful for the physical implementation
of reservoir computing substrates.?°l To pave the way for this,
more detailed studies on the kinetics acting on the volatile fila-
ment (and especially the interplay between different physical
forces) are required, such as presented here.[?l All in all, due to
the apparent dynamical similarities to excitatory and inhibitory
synaptic contributions (that are increasing and decreasing neu-
ronal firing, respectively), this work provides novel perspectives
for the design of neuromorphic systems.

6. Experimental Section

Sample Fabrication: A commercially available Pt-coated cantilever
(Bruker CONTV-PT) was loaded to a high-vacuum physical vapor
deposition system, that was equipped with two independent sources
for SiO,N, and AgPt NP deposition. The orientation of the cantilever
inside the deposition chamber was adjusted in such a way, that the
cantilever apex was oriented toward the SiO,N, source and one edge of
the pyramid geometry was oriented toward the AgPt NP source. This
orientation led to a sample structure as shown in Figure 1. A schematic
depiction of the memtip cantilever fabrication setup can be found in
Figure Sic, Supporting Information). The SiO;N, layers were fabricated
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by DC reactive sputtering under a gas mixture of 50 sccm Ar and
0.44 sccm N,. Slight oxidation of the as-deposited SiN, upon exposure
to ambient atmosphere was expected, which consequently led to the
formation of SiO,N,. AgPt NPs were deposited by a Haberland-type
gas aggregation source (GAS) (details of NP deposition are reported
in earlier studies P°%). The fabrication of the memtip samples was
performed via sequential deposition steps. First, a 5 nm SiO;N, layer
was deposited, followed by a deposition of AgPt NPs were deposited.
After confirming the applicability of the sample via SEM (it has to be
ensured, that the active region around the apex had a proper coverage
of NPs forming the memristive system), in another deposition step a
5 nm SiO,N, layer covering the AgPt NPs was deposited in a second
vacuum step.

Data Acquisition: The IV characteristics were acquired by a
conventional cAFM electrical setup with the exception of adding a serial
resistor of T GQ to limit the current within sub-nanoamp range. To
minimize the pickup and other unwanted electrical noise the preamplifier
was placed close to the sample (=1 cm away) and in addition, all cables
and sample area were shielded to the circuit ground. The preamplifier
had a gain of 10° and was capable of measuring currents from 2pA up
to 1 MA at a minimum acquisition time of 20 us per data point. A typical
IV cycle was acquired at a rate of 0.3 Hz. Commercially available Au(111)
had been used on mica as a counter electrode that was purchased
from Phasis Sarl, Switzerland. The sample cleanliness was verified by
cAFM prior to measurements to ensure its suitability for long-term data
acquisition. In case of any visualized defects, the sample was cleaned by
two sputtering and annealing cycles. However, all fresh substrates did
not require such an extra step. No forming operation was done before
measuring the memristive system.

Data Evaluation: A Python script was applied to extract the ISEs
(i-e. “inhibitory-like” spiking events) from the raw data. First, the raw
data was converted to a conductance versus time representation, as
shown in Figure 2b,c. For a more convenient presentation of data, data
points belonging to sequences where positive voltages were applied
a discarded, because they did not exhibit any memristive activity.
Nevertheless, it must be considered that these periods had a meaning
for the physical behavior of the system because these were periods where
the intermediate-scale AgPt NP system was allowed to relax. Moreover,
during the conversion to the conductance versus time representation,
all conductance values below 0.01 nS were set to an equal level of
0.01 nS and slight smoothing via a Savitzky-Golay filter with lowest
possible window length of 3 was performed. An ISE was detected in the
conductance versus time representation, whenever the conductance
(starting from a conductive state) exhibited a monotonic decrease over
at least one order of magnitude. It was estimated that this definition
of an ISE was rather conservative and it could be assumed, that more
ISE-causing conductance dropped below one order of magnitude were
present in the data. For the ISE count statistics in Figure 3a, a histogram
with logarithmic bin widths was calculated. The autocorrelation function
Py in Figure 3c was calculated according tol*®!

N
o ﬁzizkﬂéxi 1) (xixe — 1)
R ()

where k is the lag of measurement cycles, N = 8000 is the total number
of measurement cycles, x; is the number of ISEs in a cycle i and u is
the total mean of all ISEs. An IEl (i.e. interevent-interval) was defined
as time between two consecutive ISEs. IEls were only calculated within
one measurement cycle, i.e., there are no IEls between more than one
measurement cycle possible. The PDF of IEls in Figure 4 was estimated
by logarithmic binning.

U
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