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Memristive devices have been demonstrated to exhibit quantum con-
ductance effects at room temperature. In these devices, a detailed
understanding of the relationship between electrochemical processes
and ionic dynamic underlying the formation of atomic-sized conduc-
tive filaments and corresponding electronic transport properties in the
quantum regime still represents a challenge. In this work, we report on
quantum conductance effects in single memristive Ag nanowires
(NWs) through a combined experimental and simulation approach that
combines advanced classical molecular dynamics (MD) algorithms and
quantum transport simulations (DFT). This approach provides new
insights on quantum conductance effects in memristive devices by
unravelling the intrinsic relationship between electronic transport and
atomic dynamic reconfiguration of the nanofilment, by shedding light
on deviations from integer multiples of the fundamental quantum of
conductance depending on peculiar dynamic trajectories of nanofila-
ment reconfiguration and on conductance fluctuations relying on
atomic rearrangement due to thermal fluctuations.

Introduction

Quantum conductance effects in memristive devices represent
a potential breakthrough for the development of new device

New concepts

Quantum conductance effects in memristive devices play a crucial role in
determining transport properties when approaching ultimate device
scaling down to the near atomic scale. Here, we analyze experimentally
and computationally the dynamic correlation between filament morphol-
ogy, electronic transport properties and quantum conductance effects.
For the study, a new computational approach was developed to combine
reactive classical molecular dynamics and quantum transport simula-
tions able to properly capture both the dynamic evolution of the electro-
chemical formation of conductive filaments in memristive devices and
associated quantum conductance. In accordance with experimental
results, this approach allowed us to investigate (i) the relationship
between observed deviations of conductance levels from integer multiples
of the fundamental quantum of conductance and peculiar dynamic
trajectories of filament atomic reconfiguration and (ii) conductance
fluctuations arising from atomic reconfiguration near the quantum point
contacts related to thermal fluctuations.

concepts and information processing technologies based on
quantum phenomena. Coupling ionics with electronics, redox-
based memristive devices are two terminal nanoionic devices
where functionalities rely on the electrochemical formation/
rupture of nanosized filaments under the action of the applied
electric field with consequent variation of the internal state of
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resistance.'™ When the width of the conductive filament
becomes comparable with the elastic mean free path of elec-
trons, electronic transport undergoes a diffusive to ballistic
crossover. Under these circumstances, the conductive filament
forms a quantum point contact (QPC), i.e., a narrow constric-
tion connecting two electrically conductive regions, where
conductance is quantized in terms of the fundamental unit of
conductance G, as explained by the Landauer theory.>”” While
in semiconductor devices the QPC can be considered a meso-
scopic object due to the large Fermi wavelength and can be
observed only at cryogenic temperatures, in metallic filaments
QPC are characterized by atomic dimensions since the Fermi
wavelength is of the same order of magnitude as the atomic
separation and can be observed at room temperature. In this
context, quantum effects have been reported in a wide range
of redox-based memristive cells realized with a top-down
approach,>®** The quantum conductance regime in memris-
tive devices, that can be observed when the internal resistance
state approaches the range of few conductance quanta (i.e., in
the ~ 3 to 15 kQ range), has been demonstrated to be related to
the formation of truly atomic-sized metallic filments.® In this
context, quantum conductance effects cannot be neglected
when approaching the ultimate device scaling down to the near
atomic scale. While on one side quantum conductance effects
have been associated with state fluctuations and enlarged noise
due to atomic instabilities at the quantum point contact,"® on
the other side these effects can be exploited for new device
concepts for multilevel data storage, logics, signal processing,
quantum metrology and neuromorphic computing.®

In this work, we report on quantum conductance effects in
single memristive NWs through a combined experimental and
simulation approach. It is shown that Ag NWs, that are initially
highly conductive, exhibit resistive switching behavior after
electrically induced breakdown events that cause the formation
of a needle-like nanogap along the wire, as investigated by
in situ STEM measurements. Electrochemical rewiring/rupture
of the NW is responsible for resistive switching phenomena,
where the electrically driven reconfiguration of the nanofilament
atomic structure results in quantum conductance effects, as
revealed by the presence of peaks at multiples of G, in con-
ductance histograms. A new computational approach is intro-
duced by combining advanced classical molecular dynamics
algorithms with quantum transport simulations. Such an
approach takes advantage of both simulation techniques to
accurately describe electrochemical phenomena and ionic
dynamics that shape the morphology of the nanofilament across
the nanogap, while, at the same time, monitoring the ballistic
electronic conduction of the NW. This allows a complete descrip-
tion of the electrochemical rewiring process of a memristive
device from the atomistic point of view. In accordance with
experimental results, simulations, performed by analyzing the
realistic dynamic evolution of the atomic configuration of the
nanofilament through molecular dynamics (MD) while deter-
mining its electronic transport properties through Density
Functional Theory (DFT), show that the peculiar arrangement
of atoms near the QPC depends on the dynamic evolution of
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nanofilament reconfiguration that gives rise to deviations of
conductance values from integer multiples of G,. Furthermore,
simulations show that experimental fluctuations over time in the
nanofilament conductance around multiples of G, can be
ascribed to thermal fluctuations leading to atomic reconfigura-
tions near the QPC. By exploiting the single Ag NW as a model
system, these results provide insights on the relationship
between quantum phenomena and dynamics of atomic reconfi-
guration of atomic-sized filaments in resistive switching devices.

Results and discussions

Memristive devices based on single Ag NWs have been realized
by contacting Ag NWs dispersed on an insulating substrate with
a pre-patterned submillimeter probe circuit through Pt contacts
(Fig. 1a, Methods). Oppositely to conventional memristive
devices, single Ag NW memristive devices exhibit a low pristine
state resistance (Fig. S1 and Table S1, ESIt). The device resistance
can be turned from a low resistance state to a high resistance state
by electrical induced breakdown events related to Joule heating
and electromigration phenomena occurring at high current den-
sities that drive the formation of a needle-like nanogap across
the NW.""° Fig. 1b reports breakdown events in different single
NW-based devices induced by voltage sweep stimulation, together
with a schematization of the electrical circuital representations of
the device before and after breakdown. Despite variability in the
breakdown voltage, all NWs show a sudden decrease of flowing
current due to electrical breakdown. Before breakdown (i.e., in the
pristine state), the low resistance state relies on the NW resistance
Ryw and on the resistance at the Pt-Ag NW interface R*
(Rpristine & 2R* + Ryw). After breakdown, instead, the NW device
resistance can be expressed as R ~ 2R¢ + Rnw, + Rgap + Rnw,
where Rywand Rnw, represent the resistance of the two NW
disconnected parts (where Ryw, + Raw, & Ryw) while Ry, is the
nanogap resistance. In this context, it is worth noticing that this
device configuration allows to estimate the gap resistance Ryqp by
subtracting the effect of R* and Ry parasitic resistances (Note S1,
ESIt). As an example, the morphology of an electrically induced
nanogap in an Ag NW is reported in Fig. 1c. A detailed investiga-
tion of NW breakdown was performed by means of in situ STEM
measurements (methods, details in Fig. S2, ESIt). By exploiting this
technique, it is possible to correlate the electrical response of the NW
(Fig. 1d) with the evolution of its morphology (Fig. 1e and Movie S1,
ESIT). As can be observed, an increase of the applied voltage
corresponds to a thinning of the NW (timeframe 1,2 and 3,
Fig. 1e) due to migration of metal ions and accumulation of depleted
ions at the anode side as detailed in Movie S1 (ESIt). A further
increase of the applied voltage results in a sudden decrease of the
current that results from the breaking of the Ag NW (timeframe 4,
Fig. 1f). In this context, results suggest that NW breakdown events
can be exploited for the realization of tip-shaped nanogaps as
fundamental components of nano and molecular electronics.

After breakdown, the electrical connection can be re-established
through electrochemical rewiring effects that involves electroche-
mical dissolution of the positively biased NW needle to form Ag"
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Fig. 1 Breakdown and rewiring of single Ag NWs. (a) Scanning Electron Microscopy (SEM) image of a single NW device obtained by connecting an Ag
NW to a pre-patterned electrodes by means of IBID deposition of Pt contacts (scale bar, 10 um). The inset shows a low magnification SEM image of the
pre-patterned sub millimetric probe circuit (scale bar, 50 um). (b) Breakdown of Ag NWs during voltage sweep stimulation, showing a sudden decrease of
current due to the formation of an electrically induced nanogap across the NW. The graph shows the NW breakdown of 11 different single Ag NW
devices. Insets show the electrical circuital representations of the device before and after breakdown. (c) SEM image of a nanogap across the NW after
electrical breakdown (scale bar, 100 nm). (d) Electrical characteristics and corresponding (e) evolution of the Ag NW morphology during breakdown
investigated by in situ STEM measurements, showing a thinning effect of the NW until the formation of a nanogap when applying a voltage sweep
(scale bar, 200 nm). The inset in panel d shows FESEM image of the chip showing layout of the electrodes on the electron transparent SiN
membrane used as observation region (scale bar, 20 um). (f) Rewiring under voltage sweep stimulation, showing a sudden increase of the device
current due to the formation of a conductive filament across the nanogap that re-establish the electrical connection. (g) Conceptual schematization of
the simulation approach based on Molecular Dynamics to simulate electrochemical reactions and ionic dynamics across the nanogap. (h) The
morphology of conductive filaments across the nanogap is then exploited as input for Density Functional Theory (DFT) that provides quantum
transport simulations of ballistic electron transport (i) Dynamics of filament formation under voltage stimulation by MD, showing drift of edge Ag
atoms and followed by the formation of islands before the establishment of the first atomic contact. After contact, the filament growth proceeds through
lateral expansion.
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ions that migrates across the nanogap under the action of an
applied electric field to form a conductive filament that bridges the
two NW needles.'® In addition to electrochemical effects, in case of
electric field gradients atoms can move to close the nanogap also
without direct electrochemical reactions.”* An example of electro-
chemical rewiring under voltage sweep stimulation is reported in
Fig. 1f, where the sudden increase of current occurs when the
conductive filament bridges the two NW needles, lowering the gap
resistance Rg,p, and turning the device to a lower resistance state.
Note that the here reported mechanism differs from resistive
switching usually observed in metal-oxide NWs where switching
occurs along the NW surface without initial formation of a nanogap
through breakdown events.”*>*

In the field of memristive devices, several simulations have
been carried out to describe the previously discussed filament
growth process.>>*” Also, simulations developed on force-
controlled mechanical break junctions have been adapted to
electrical-driven atomic memories without considering electro-
chemical processes.® However, all these simulative approaches
either provide just a description of the ion dynamics or they
treat the conduction between electrodes classically. While these
simulations showed the formation of QPC as first stage of the
filament formation, the strict relationship between morphology
of the filament obtained by large scale classical simulations
and conductance calculated by more accurate quantum trans-
port simulations has been rarely explored due to the difficulties
in connecting the two methodologies.>® Here we report on a
combined approach based on classical Molecular Dynamics
and quantum transport simulations based on density func-
tional theory have been exploited to unveil the relationship
between electrochemical phenomena and ionic dynamics with
electronic transport properties across conductive filaments
formed within the nanogap. The advantage of such an
approach lies in the capability to realistically describe, step by
step, the atomic morphology of the system (MD simulation) by
considering both electrochemical phenomena and ionic migra-
tion, paired with accuracy in the prediction of the electronic
properties of the atomic-sized filament (DFT). As schematically
reported in Fig. 1g and h the outputs of the MD simulation, i.e.,
the atomic positions in the filament, serve as input for the DFT
computations that provide information on the conductance of
the structure. Effects of both the applied voltage and the
thermal oscillations are captured by the model. To describe
the dynamics of the filament formation process, reactive force
field molecular dynamics simulations were employed. In the
simulation, the electrode biasing and the electrochemical dis-
solution of the NW is described by iteratively adjusting the
charge on each atom depending on the nearby electrochemical
environment and the applied voltage (details in Methods). Such
feature distinguishes our model from literature methods that
combine MD and ab initio simulations,*®" allowing for the
description of electrochemically induced formation of large-
scale filaments. Four stages of the dynamic evolution of the
filament under external voltage stimulation can be identified
through MD simulation, as illustrated in Fig. 1i. Initially, the
device is constituted by two opposing tips separated by a gap,
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similarly to the experimental nanogap shown in Fig. 1c. As a
voltage is applied, Ag adatoms coming from the edge of the
metal contact drift toward the tip surface. Once they accumu-
late on the surface, they start coalescing and forming meta-
stable islands on both sides that shrink the gap between the
opposing tips. Eventually, a single atom bridges the two tips
reestablishing the electrical connection lost after the breakdown.
Finally, because of the applied voltage, other atoms drift toward
the filament causing an enlargement of its section. These
observations agree with experimental results reported in con-
ventional memristive cells where the conductive filament size
can be tailored through appropriate electrical stimulation.*>

Notably, while the filament formation occurs by following
the same stages, an increase in the applied voltage results in
faster kinetics as detailed in Fig. S3 (ESIt). Similarly, a faster
formation of the filament is expected by reducing the nanogap
length by reducing the tip-to-tip distance due to the increase of
the electric field while applying the same voltage bias.

The NW after breakdown acts as an electrochemical mem-
ristive cell where the connectivity across the nanogap can be
electrochemically weakened or enhanced through rupture/
rewiring of the conductive filament connecting the two NW
needles under the action of an applied electric field. Rupture/
rewiring effects give rise to SET/RESET events that reversibly
turns the device from a high resistive state (HRS) to a low
resistance state (LRS) and vice versa, where the switching
mechanism rely on the electrochemical metallization memory
effect.>** This results in the typical I-V memristive character-
istic under voltage sweep stimulation, as reported in Fig. 2a,
where a current compliance (CC) of 400 pA was applied after
SET to prevent hard breakdown of the device due to over-
heating. The switching behavior is maintained over cycling,
as revealed by switching the device 100 times between HRS and
LRS by means of full-sweep cycles (Fig. 2b). HRS and LRS are
stable over time, as revealed by testing for 10° s the retention
characteristics (Fig. 2¢). Notably, in this case the formed con-
ductive filament after SET events (in the LRS) show conduc-
tance values in the range ~2-3 G, over rupture/rewiring cycles
(Fig. 2d) and over time (Fig. 2e), suggesting that quantum
effects regulate electronic transport in the ballistic conduction
regime. Experimental results show that fingerprints of quan-
tum conductance effects can be observed by properly tuning
stimulation conditions. For example, the G, conductance level
can be achieved by lowering the programming CC (Fig. 2f).
Also, quantum conductance levels can be appreciated by slow-
ing down the kinetics of filament formation/rupture during
voltage-sweep driven SET and RESET events, as reported in
Fig. 2g and h, respectively.

More discrete conductance levels can be achieved by stimu-
lating the device through current sweeps. In this context, it
should be pointed out that the larger number of discrete
conductance levels observed under current-controlled stimula-
tion mode, already reported in case of conventional metal-
insulator-metal memristive cells based on thin films with Ag
electrodes,® can be related to current-enhanced stability effects
involving the interplay between surface tension and quantum

Nanoscale Horiz., 2024, 9, 416-426 | 419
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Fig. 2 Resistive switching and quantum conductance effects in single memristive Ag NWs. (a) /-V curves obtained by stimulating the Ag NW after
breakdown with voltage sweeps, showing resistive switching between a high resistance state (HRS) and a low resistance state (LRS) and vice versa in
correspondence of SET and RESET events, respectively. A compliance current (CC) of 400 pA was imposed to prevent hard breakdown of the device
during SET events. (b) Endurance properties of the device under 100 full sweep cycle stimulation, where HRS and LRS were evaluated at a reading voltage
of 0.4 V (outliers not shown). (c) Retention properties tested by monitoring LRS and HRS states for 10° s by applying a constant voltage of 0.1 V.
(d) Normalized conductance state of the conductive filament over rupture/formation cycles, where conductance states corresponds to the LRS of the
endurance test reported in panel b. (e) Normalized conductance state of the conductive filament over time, where conductance states corresponds to
the LRS of the retention test in panel c. (f) Example of a resistive switching characteristic where the conductance state was programmed to 1 Ggby
applying a programming CC of 100 pA. (g) Rewiring of the NW obtained by slowing down the kinetics of filament formation (voltage sweep rate of
~2.6 mV s71), allowing the observation of quantum conductance levels during SET. (h) Rupture of the conductive filament across the nanogap by slowing
down kinetics, allowing the observation of quantum conductance levels during RESET (voltage sweep rate of ~4.5 mV s™%). Insets in panels g and h show

the details of the step-like evolution of the NW conductance during SET and RESET (red rectangles), respectively.

pressure forces due to the recoil of flowing charge carriers
acting on the quantum point contact.*® Fig. 3a reports the
NW response after breakdown to a current sweep in the range
0-20 pA. As can be observed, current sweep stimulation induces
step-like drops in the measured voltage across the NW. These
drops in measured voltage corresponds to the establishment of
atomic point contacts resulting in discrete steps of device
conductance. In Fig. 3a, a step-like increase of conductance
corresponding to four quantum conductance states multiples
of G, can be identified. It is important to point out that the
effect of the resistance at the Pt-Ag NW interface (R*) and the
resistance of the two NW disconnected parts (Rxw, + Rnw,) has
a progressively higher influence on conductance values of
quantum steps corresponding to larger multiples of G, where
the effect of these parasitic resistances becomes progressively
comparable with that of the quantum point contact (details in
Fig. S4, ESIY). Also, it is important to remark that quantum
levels observed through current sweeps does not arise from a
purely electronic mechanism, as testified by the hysteretic

420 | Nanoscale Horiz., 2024, 9, 416-426

(memory) behavior of the V-I characteristic (details in
Fig. S5, ESI%).

The experimental data presented above show that rewiring
occurs through a step-like increase of conductance where
conductance plateaus can be associated to quantum conduc-
tance levels. In this context, combined MD and DFT simula-
tions allow a detailed analysis on the dynamic evolution of the
filament morphology and reveal how morphology is correlated
to ballistic electronic conduction properties. For this purpose,
exemplary atomic configurations extracted during the filament
evolution obtained by classical MD were used to compute the
device transmission coefficient T, where T = G/G, in the frame-
work of the Landauer-Biittiker theory,*® via ballistic DFT simu-
lations. Fig. 3b illustrates the T evolution for the structures
reported in Fig. 3c. According to experimental results reported
in Fig. 3a, the simulated filament growth proceeds through
stages characterized by conductance values close to multiples
of Go. Such analogy between experiments and simulations
allows to create a link between the measured G and the

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Rewiring through quantum conductance effects. (a) Quantum conductance effects in a current sweep induced NW rewiring. A current sweep in
the range 0-20 pA was applied to the NW device (sweep rate of ~90 nA s™%) while measuring the voltage drop across its electrodes, allowing the
monitoring of the device conductance Gmeasured- (P) Evolution of the transmission coefficient during the rewiring process computed by DFT simulations
on the structures depicted in (c). Dependence of the transmission coefficient on the applied voltage (d), (e) and (f) respectively for structure 3, 4 and 5 of

Panel c.

microscopic structure of the filament. In absence of a chemical
connection between tips (structures 1 and 2 of Fig. 3c), T sits
around a value of 0. As a chemical bond is formed (structure 3
of Fig. 3c), T jumps close to 1, but it does not assume the exact
unitary value, similarly to the experimental device. The subse-
quent enlargement of the filament under the effect of the
applied bias leads to the formation of new chemical bonds,
as in structure 4, 5 and 6. The transmission coefficient grows in
a stepwise manner accordingly to the number of atoms in the
filament. Conduction shows, therefore, a QPC character with
discrete levels of T. Note that the increase in T is here
connected to a physical modification of the atomic structure
of the filament rather than to the progressive population of
higher energy bands of the electrode material (as in case of QPC
observed in semiconductor devices*®). As proof of such state-
ment, T as function of the applied voltage on specific structures
are reported in Fig. 3d-f. In the range —1 to 1 eV from the Fermi
level, no stepped conductance is found but rather a continuous

This journal is © The Royal Society of Chemistry 2024

increase of T as consequence of the higher number of available
propagating states for larger bias.

Notably, quantum levels in the experimental device are
subjected to cycles-to-cycle variability in terms of both step
sequence and current levels where specific steps are observed.
For this reason, statistical analysis of quantum steps was
performed by considering 116 current-sweep cycles during the
SET process (in the range 0-20 pA) acquired on 5 different NW
devices, resulting in a total number of more than 464000
conductance measurement points. The histogram resulting
from a cumulative statistics of measurement points is reported
in Fig. 4a, while Fig. 4b reports the distribution of measured
point where the effect of parasitic resistances has been sub-
tracted (Note S1, ESIT). As can be observed, these programming
conditions result in conductance distributions with a promi-
nent peak close to the resistance of a single atomic point
contact G,. Also, peaks at higher multiples of G, can be
identified. Notably, the progressive increase of the influence
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Fig. 4 Statistical analysis of quantum levels. Cumulative statistics of (a) measured NW conductance and (b) NW conductance where the effect of
parasitic resistances have been subtracted. Histograms with bin size of 0.05 Gg have been created by considering more than 464000 experimental data
points acquired on 5 different single NW devices through a current sweep stimulation in the range 0—20 pA as detailed in Fig. 3a. (c) Examples of filament
structures derived from the combined MD/DFT simulative approach that shows a transmission coefficient around the value of 1.

of parasitic resistances when considering larger conductance
values leads to larger differences in the position of conductance
peaks corresponding to larger multiples of G,. However, it can
be observed that the effect of parasitic resistances has an
almost negligible effect on the position of the peak at ~ G,.

The histogram of Fig. 4b is peaked around multiples of G/G,
but it also shows a broad distribution around the peaks due to
variations of conductance values across multiple realizations of
filaments. Simulations suggest that the broad distribution can
arise from fluctuations of the atomic arrangement of the silver
filament observed along different MD trajectories during rewir-
ing. These lead to small deviations of T values around multiple
integer values of G,. Fig. 4c show examples of atomic configu-
ration of nanofilaments with a single atomic point contact
extracted from different MD growth trajectories describing
the rewiring process. Notably, even if all the structures are
characterized by a single connecting bond, they slightly differ
in T Thus, the different local arrangement of the atoms at the
QPC resulting from temperature induced restructuring leads to
a broad conductance peak due to small variations around G,.
Similar considerations can be made for the broad distributions
observed around higher G, multiples. In other words, the
broadening around integer values in experimental G/G, distri-
bution is not related only to measure limitations, but it is
caused by the intrinsic variability of the rewiring process.

In addition, fluctuations of conductance values over time in
each conductance plateau can be observed. An example of an
experimental time trace where the conductance of a specific
conductance plateau (~2.5 G,) was monitored over time with a
constant read voltage (0.1 V) is reported in Fig. 5a. As detailed
in Fig. 5b, conductance fluctuations over time can be observed.
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This electronic noise can be ascribed to conductance fluctua-
tions related to dynamics of the Ag nanofilament, as revealed by
simulations. The in-silico time trace of T is calculated by fine
sampling of the MD trajectory, and it is shown in Fig. 5c. In
accordance with experimental results, the simulated time trace
shows fluctuations around the ~2.5 G, mark. By inspecting the
evolution over time of the filament (Fig. 5d, Movie S2, ESI) it
can be observed that changes of T results from variations of the
atomic rearrangement in the filament. Such ion dynamics arise
from random thermally activated hops of ions under the effect
of an electric field which induces disorder.

Experimental and simulation results show that the process
of NW rupture/rewiring proceeds through stages that involves
the formation of quantum point contacts, suggesting that
quantum effects in nanoobjects play a role in determining
the emergent behavior of self-organizing nanonetworks. Differ-
ently from conventional memristive cells, single NW memris-
tive devices allow decoupling of the effect of parasitic
resistances, showing that the effect of parasitic resistance
cannot be neglected in resistive switching devices while evalu-
ating the conductance of quantum plateaus corresponding to
high multiples of G,. The combined experimental and theore-
tical approach shows that (i) the variability of conductance
observed during different filament growths and (ii) the con-
ductance fluctuations over time are intrinsic properties of
resistive switching cells operating in the quantum regime.
Concerning variability, similar behavior was previously
reported for simulations of mechanically controlled break
junctions where conduction was observed to oscillates around
multiples of Go.*” Concerning conductance fluctuations over
time, is shown that thermal fluctuations and disorder play a

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Conductance fluctuations over time. (a) Experimental data showing conductance fluctuations around the ~2.5 Go quantum level, where the
conductance was monitored with a constant read voltage of 0.1 V (data from Fig. 2e). (b) Zoom of the conductance time trace reported in panel a. (c)
Transmission coefficient fluctuations as function of time obtained from MD and DFT simulations. (d) Examples of atomic configurations resulting from

the simulations. Numbers refer to the points indicated in Panel c.

crucial role in determining conductance of resistive switching
devices. In this context, the temperature has both the effect of
(i) inducing random atomic oscillations and of (ii) increasing
the rate of ion drifting in the direction of the electric field.*®
Consequently, it contributes to the constant alteration of the
morphology of the filament. In this context, our results are in
agreement with previous results obtained on Ag filaments in
memristive nanojunctions, where current noise spectra
revealed that the main electronic noise contribution arises
from resistance fluctuations involving atomic rearrangement of
nanofilaments.* It is worth noticing also that quantized con-
ductance was reported to coincides with state instability and
excess of noise in memristive devices, as analyzed in redox-
based memristive devices involving the migration of oxygen-
related species.'® More in general, results show that variability
and conductance fluctuations intrinsically related to the
switching mechanism at the atomic scale should be considered
when evaluating ultimate performances of memristive devices
working in the quantum regime. Last, the here proposed
computational approach, able to reproduce electrochemical
processes and ionic dynamics leading to nanofilament for-
mation while, at the same time, monitoring the electronic
transport properties with a quantum approach, open new
perspectives for understanding the relationship between nano-
filament dynamics and quantum conductance in memristive
devices from an atomistic point of view.

In addition, the results reported here can shed new light
on conduction properties of self-organizing memristive
systems characterized by emergent functionalities arising
from the interaction of a huge amount of nanoparts,"****
making these systems suitable physical substrates for

This journal is © The Royal Society of Chemistry 2024

neuromorphic-type of data processing and in-materia uncon-
ventional computing.****° Indeed, previous works reported
that local switching events can be associated with quantum
conductance effects, reflecting in discrete steps and plateaus of
the overall effective network conductance, as discussed in case
of percolating nanoparticle films,* nanoparticle networks,*?
atomic-switch networks,*® and nanowire networks.>® In case of
percolating networks, it has been shown that quantum effects
lead to an emergent network behavior characterized by discrete
steps in conductance that coincides with integer multiples of
Go.>" Also, conductance plateaus at fractions of the quantum
conductance levels in the effective network conductance have
been proposed to be associated with the formation of macro-
scopic “winner-takes-all” conductive pathways in NW networks,
representing the lowest possible energy connectivity pathways in
these nanosystems.”® In this framework, our results shows that
quantum conductance effects in single nanowires after breakdown
can affect the emerging behavior and neuromorphic functionalities
of these self-assembled systems.

Conclusions

In summary, we have reported on quantum effects in single
memristive NWs, shedding light on the relationship between
quantum phenomena and electrochemical dynamics in mem-
ristive devices. Besides experimental investigation of quantum
phenomena, a simulation approach for memristive devices that
combines MD to investigate ionic dynamics underlaying
switching with DFT simulations to unveil the structure-
dependent conductance of nanofilaments has been reported.

Nanoscale Horiz., 2024, 9, 416-426 | 423
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The combined experimental and modeling approach revealed
that deviations from integer multiples of the fundamental
quantum of conductance depend on the peculiar dynamic
trajectory of nanofilaments and that conductance fluctuations
in quantum plateaus rely on thermal fluctuations involving
atomic reconfiguration at the quantum point contact. Besides
providing a complete description of ionic/electronic conduction
mechanisms in NWs for rational design of neuromorphic archi-
tectures, these results establish a strict relationship between
quantum phenomena and ionic dynamics in memristive devices.

Methods

Experimental setup and electrical characterization

Memristive devices based on single Ag NWs were fabricated by
combining lithography techniques and ion beam induced
deposition. Initially, sub-millimeter probe circuits were fabri-
cated on commercial Si/SiO2 (1 pm) substrates through laser
writing lithography (Heidelberg upg101) and ti/Au deposition
by RF sputtering. Then, Ag NWs in isopropyl alcohol suspen-
sion (Sigma-Aldrich) were deposited on pre-patterned sub-
strates by drop-casting and spontaneous solvent evaporation.
Selected NWs were then connected to pre-patterned electrodes
by means of Ion Beam-Induced Deposition (IBID) of Pt through
a gas injection system (GIS), on a FEI Quanta 3D system. During
IBID, Ga' ions react with the metal-organic precursor in the
chamber, (CH;);Pt(CpCHj;), leading to the conductive metal
deposition that ensure good electrical contact with Ag wire at
the same time avoiding any interaction of the nanostructure
with resist and solvents. Electrical measurements have been
performed by means of a Keithley 4200-SCS Parameter Analyzer
and a probe-station. All electrical measurements were per-
formed in air at room temperature.

In situ TEM measurements

TEM measurements were performed using a Tecnai F20 micro-
scope (FEI), operated at 200 kV acceleration voltage. High-angle
annular dark field (HAADF) detector was used in Scanning TEM
(STEM) mode. Dedicated sample holder (FUSION - PROTO-
CHIPS) was used for applying bias to the NWs. In this case,
NWs were dispersed on commercial e-chips consisting of a Si;N,
membrane on which 4 Pt electrodes with a 5 mm spacing are
present (e-chip E-FED01-LN Protochips). Then electron induced
Pt deposition was applied to bound the NWs with the existing
electrodes. This was performed by means of IBID using Zeiss
Auriga dual-beam system at 1.5 kV. In situ electrical measure-
ments were performed in two-probe configuration by means of a
Keithley 2614b source-measurement unit, by stimulating the
device with a voltage sweep with rate of ~17 mV s *. In situ
breakdown experiments were carried out in vacuum conditions.

Molecular dynamics and density functional theory simulations

The evolution of the filament morphology is described by classical
molecular dynamics simulations using the LAMMPS package.>*
The filament is described as two pyramidal silver tips having a
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4.2 nm x 4.2 nm base as shown in Fig. 1e. A gap of 8.3 A separates
the two tips. The positions of the atoms at the base of the
pyramids are fixed to keep the two tips in place for the entire
simulation. Interatomic interactions are described with the
REAXFF potential®® parametrized in ref. 56 that allows for the
formation and rupture of bonds in Ag. The potential employs the
charge equilibration method to alter, at each step, the charge of
the atoms depending on the local environment.”” N. Onofrio
et al.®® further developed the algorithm to include the possibility
of applying a potential difference between two metal leads and to
simulate the electrochemical dissolution of ions of the metal.
Thanks to this algorithm, for instance, metal ions in the bulk of
the contact, at the surface or dissolved in an electrolyte show
distinct amounts of charges. In order for the dissolution process
to take place within the timescale of the MD simulations, a voltage
of 2 V (or 8 V) and a thermostat with temperature of 800 K are
applied. The use of high temperatures is a common technique
employed in computational research that is aimed at accelerating
the dynamics of rare events such as ion drift and diffusion
through hopping, chemical reactions or mixing.>® Temperature
is maintained constant with a Nosé-Hoover thermostat. The
structure is equilibrated for 50 ps and, afterward, a production
run of 3 ns is carried out. A timestep of 1 fs is used to sample the
trajectory. Every 8.6 ps, the positions of the atoms that moved
within the gap separating the metal tips, are extracted and used as
input for the quantum transport simulations. Because of the
temperature accelerated dynamics, the meaning of timescale is
lost. As such we chose to indicate time in arbitrary units in Fig. 5c.
DFT simulations were performed with the QUANTUM ESPRESSO
package.®® Specifically, the ballistic conductance was calculated
with the PWCOND code included in QUANTUM ESPRESSO.®! The
filament is described as two symmetrical leads and a channel. The
leads are made by a three-layered bulk of silver in a 3 x 3 supercell
with the (111) plane in contact with the channel. The base
structure of the channel is composed by a few layers of Ag (see
Fig. 1f) separated by the same gap used in MD simulation. In each
quantum calculation, the gap is filled with additional silver atoms
whose positions are taken from the MD simulations to provide a
time trace of the transmission coefficient on the basis on the
evolution of the filament described by classical molecular
dynamics, ie., DFT calculations have been performed on snap-
shots of conductive filament morphologies obtained by MD. The
DFT computations are performed within the PBE formulation®” of
the general gradient approximation that was proved to reliably
describe the electronics of memristive materials in NWs.®*** A
plane-waves basis set with a 28 Ry cutoff was used to describe the
electronic wave functions and with a 280 Ry cutoff to represent the
density. Electron-ion interaction has been described by ultrasoft
pseudopotentials.®® For the calculation of the ballistic conduc-
tance, 135 independent k-points were used.

Data availability

The data that support the findings of this study are available on
Zenodo (https://doi.org/10.5281/zenodo0.10489181).
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