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The formation and dissolution of silver nanowires plays a fundamental role in a broad range of resistive-
switching devices, which fundamentally rely on the electrochemical-metallization phenomenon. It has
been shown that resistive switching may also appear in pure metallic nanowires lacking any silver-ion-
hosting embedding environment but this pure atomic switching mechanism differs fundamentally from
the conventional electrochemical-metallization-based resistive switching. To facilitate the quantitative
description of the former phenomenon, we investigate a broad range of Ag atomic junctions, with a spe-
cial focus on the frequency dependence and the fundamentally stochastic cycle-to-cycle variation of the
switching-threshold voltage. These devices are established in an ultrahigh-purity environment in which
electrochemical metallization can be excluded. The measured characteristics are successfully described by
a vibrational-pumping model, yielding consistent predictions for the weak frequency dependence and the
large variance of the switching-threshold voltage. We also demonstrate that electrochemical-metallization-
based resistive switching and pure atomic switching may appear in the same device structure and therefore
the proper understanding of the pure atomic switching mechanism has a very relevant importance in
silver-based electrochemical-metallization cells.
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I. INTRODUCTION

In the past decade, the resistive-switching phenomenon
has been established in various material systems, promot-
ing novel, energy-efficient, fast, and compact technolo-
gies in the fields of nonvolatile data storage, in-memory
computing, or the hardware implementation of artificial
neural networks [1–5]. A distinguished group of resistive-
switching memory devices relies on the voltage-controlled
dissolution of metallic cations in an insulating matrix,
resulting in the formation or destruction of ultrasmall close
to atomic sized metallic filaments between the contact-
ing electrodes [6–16]. In such structures, voltage-induced
cation migration and electrochemical metallization (ECM)
play key roles in the programming of the devices, i.e., in
the adjustment of the filament diameter.

Recently, it has been shown that resistive switching
can also be induced in completely pure metallic wires,
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which lack any ion-hosting embedding environment [17–
21]. In this case, reversible voltage-induced atomic rear-
rangements are observed in nanojunctions where the size
of the wire bottleneck approaches the ultimate single-
atom regime. These atomic rearrangements are reflected
by discrete jumps in the conductance state of the metal-
lic nanowire. Such pure atomic switching (PAS) has been
realized in various pure metallic systems, including Au,
Cu, Al, and Pb nanowires [17–21].

In this paper, we argue that the PAS phenomenon is
not restricted to pure metallic nanowires and that it may
also become important in conventional electrochemical-
metallization cells, once atomic size scales are reached.
From this reason, it is of fundamental importance to
explore the differences between PAS- and ECM-type
switching (ECMS) and to understand the physical mech-
anisms governing the former phenomenon. Although a
broad range of material systems exhibit ECMS, silver
plays a prominent role as an active material in such
devices. To this end, we compare the PAS and ECMS
characteristics in silver-based platforms and in order to
achieve an unquestionable distinction between the two
types of phenomena, the PAS phenomenon is explored in
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ultrapure-silver nanowires, where electrochemical metal-
lization can be excluded. Our analysis puts a special
emphasis on the experimental investigation of the fre-
quency dependence, as well as the fundamentally stochas-
tic variation of the switching-threshold voltage, both being
characteristic of the PAS phenomenon. Finally, we propose
a vibrational-pumping model of the PAS process, which
consistently describes the observed phenomena.

II. RESULTS AND DISCUSSION

A. Comparison of PAS and ECMS characteristics

In our previous work, scanning-tunneling-microscopy
point-contact measurements on sulphurized thin Ag
samples have already exhibited fundamentally different
resistive-switching characteristics in ultrasmall atomic
junctions compared to the somewhat larger nanoscale point
contacts [22]. Here, we present another example of this
phenomenon, relying on our Ag/Ag2S/Ag nanofabricated
memristive devices [11] [see the SEM image of the device
in the inset of Fig. 1(a) and more details in the caption].
In the higher-conductance regime, these nanojunctions
have been shown to exhibit conventional ECMS charac-
teristics (see our previous results in Ref. [11]), which is
also illustrated by another data set with 20 reproducible
ECMS switching cycles in Fig. 1(a). In Fig. 1(b), however,
we demonstrate a room-temperature resistive switching of
a fundamentally different nature, closely resembling the
PAS-type characteristics of other metallic species [18–20].
These switching characteristics have been observed using
the same Ag/Ag2S/Ag nanofabricated memristive devices,
by driving them to the conductance range of the G0 =
2e2/h conductance quantum unit. Whereas the ECM-type
switching of the larger junctions [Fig. 1(a)] exhibits a grad-
ual and basically reproducible transition between the high
and low-conductance states (HCS and LCS, respectively)
at a few-hundred-millivolts switching-threshold-voltage
characteristic of the Ag2S resistive-switching system [23,
24], Fig. 1(b) exhibits a jumplike switching between two
discrete atomic arrangements at an order-of-magnitude-
higher but fundamentally stochastic threshold voltage. In
this illustrative measurement, however, the Ag junction
has been deliberately sulphurized, i.e., pure metallic con-
ditions have not been satisfied, and the role of the silver-
sulfide matrix in the atomic sized switching process of
Fig. 1(b) remains unclarified.

Here, our primary goal is the investigation and deeper
understanding of the PAS mechanism in an environment,
in which any other types of resistive-switching mech-
anisms can be ruled out. To this end, we have per-
formed our measurements using a cryogenic temperature
(4.2-K) notched-wire mechanically controllable break-
junction (MCBJ) setup, where atomic sized nanowires
are established by the controlled mechanical rupture of
a high-purity metallic wire using a three-point-bending

–1

0

1

I (
m

A
)

–0.2 –0.1 0.0 0.1 0.2

V bias (V)

(a) 94.8G0

63.8G0

–0.5

0.0

0.5

I (
m

A
)

–2 0 2

V bias (V)

(b)
2.2G0

0.9G0

FIG. 1. The coexistence of ECMS and PAS characteristics in
a nanofabricated Ag/Ag2S/Ag memristive device. The current-
voltage characteristics of reproducible switchings measured in
the (a) nanoscale and (b) atomic scale regimes, exhibiting (a)
ECMS and (b) PAS characteristics. The legends demonstrate the
average HCS and LCS conductances. These Ag/Ag2S/Ag sam-
ples are fabricated by electron-beam lithography, establishing an
approximately 45-nm-thick and approximately 100-nm-wide Ag
nanobridge. This is further narrowed by a controlled electromi-
gration protocol [22,25]. The resulting nanojunction is exposed
to vaporized sulfur to create the electrochemical-metallization
switching medium between the Ag electrodes. The inset of (a)
shows a scanning-electron-microscopy picture of the constriction
in the sample, the scale bar indicating a distance of 200 nm. The
± signs indicate the voltage polarity on the junction at positive
biasing. It is to be noted that these devices lack compositional
asymmetry (Ag electrodes contact the junction from both sides)
and therefore the well-defined switching polarity in the case of
ECMS is attributed to the geometrical asymmetry of the junc-
tion. In case of PAS, the switching polarity varies according to
the geometry of the actual atomic arrangement of the junction.

geometry [see Fig. 2(d)]. The in situ rupture in the cryo-
genic vacuum excludes the oxidation and/or contamination
of the nanowire, while the MCBJ arrangements grants an
ultrahigh mechanical stability. The current-voltage (I(V))
characteristics of the thus-obtained ultrahigh-purity sil-
ver atomic wires readily exhibit typical PAS behavior
[Figs. 2(a)–2(c)], resembling the PAS curves of other
[18–20] previously studied but nonsilver pure metallic
systems.

Later on, we investigate further properties of the PAS
mechanism in Ag atomic wires, including the switching-
to-switching and sample-to-sample variation of the Vthr
switching-threshold voltages as well as the sweep-rate
dependence of Vthr. We compare these characteristics to the
fundamentally different properties of conventional ECM-
type resistive-switching traces, relying on the further anal-
ysis of our previously measured data on AgI resistive-
switching STM point contacts [15], where a significant
amount of statistically independent data is available [see
the illustration of the AgI point contacts in Fig. 2(e) and
the example I(V) curves in Fig. 2(f)]. As a next step, we
propose a vibrational-pumping model that describes the
observed PAS characteristics remarkably well.

014027-2



VOLTAGE-TIME DILEMMA. . . PHYS. REV. APPLIED 21, 014027 (2024)

–0.2

–0.1

0.0

0.1

0.2
I (

m
A

)
(a)

80

40

0

–40

–80

I (
μ

A
)

(b)

60

30

0

–30

I (
μ

A
)

–1.0 –0.5 0.0 0.5 1.0
V bias (V)

(c)
2

1

0

–1
I (

m
A

)

–0.50 –0.25 0 0.25
V bias (V)

(f)  0.4 V
 0.5 V
 0.6 V
 0.7 V

(d)

(e)

80

60

40

20

G
 (

2
e2

/h
)

–0.6 –0.4 –0.2 0.0 0.2 0.4 0.6

V bias (V)

3.8

3.6

3.4

3.2

3.0

G
 (

2
e2

/h
)

(g)

M
C

B
J

ST
M

-B
J

FIG. 2. A comparison of the PAS and ECMS characteris-
tics. (a)–(d) The illustrations exemplify the (a) rather symmetric
or (b),(c) highly asymmetric PAS characteristics with a repro-
ducible switching between (a),(b) two or (c) three atomic con-
figurations. The PAS measurements are performed at cryogenic
temperature (T = 4.2 K) using (d) the MCBJ technique. In this
case, a serial resistance of 520 � has been applied. (e),(f) As a
comparison, ECMS is investigated on AgI thin films using (e)
the room-temperature STM break-junction (STM-BJ) technique,
exhibiting (f) driving-voltage-amplitude-dependent multilevel
programming characteristics. The legends show the amplitudes
of the driving triangular voltage signals. Here, a serial resistance
of 150 � has been applied. (g) A representative example of PAS
and ECMS with similar switching-threshold voltages. Here, the
conductance versus bias voltage curve is plotted and the black
dashed line shows the mean value of the HCS and LCS conduc-
tances for the two systems. The switching-threshold voltages and
their standard deviations are evaluated at this conductance cut for
both the set and reset transitions, yielding �Vset

thr/V
set
thr = −0.062

and �Vreset
thr /V

reset
thr = 0.078 for PAS (red); while �Vset

thr/V
set
thr =

0.027 and �Vreset
thr /V

reset
thr = −0.027 for ECMS (blue).

The different behavior of PAS and ECMS is already
obvious from the switching I(V) curves. (i) PAS dis-
plays abrupt jumps between discrete conductance states
[Figs. 2(a)–2(c)], corresponding to discrete geometrical
configurations of the atomic wire. As a sharp contrast,
ECMS is accompanied by a more gradual transition
between the HCS and the LCS, as shown in Fig. 2(f).
(ii) In the case of ECMS, the analog multilevel pro-
gramming of the conductance states is a well-known
phenomenon. This means that the increase of the driving-
voltage amplitude continuously tunes the HCS and LCS
conductances and thereby the GHCS/GLCS conductance
ratio [Fig. 2(f)] [15,24]. In contrast, PAS yields driving-
voltage-independent HCS and LCS conductances as long
as a further atomic jump, resulting in discrete multilevel
states, is not reached [for a PAS with three distinct con-
ductance states, see Fig. 2(c)]. (iii) The switching direction
[indicated by arrows in Figs. 2(a)–2(c) and 2(f)] is defined
by the material and geometrical asymmetry in the case
of ECMS, i.e., the set (LCS → HCS) transition always
happens at positive voltage polarity, where the Ag layer
is biased positively with respect to the electrochemically
inert Pt-Ir tip and, accordingly, the reset (HCS → LCS)
transition occurs at negative bias. As a sharp contrast, in
the case of PAS, the switching direction is determined by
the local atomic sized geometry of the few-atom active
region and therefore the switching direction varies from
junction to junction.

A further remarkable difference is observed in the cycle-
to-cycle variation of the switching, as shown in Fig. 2(g),
demonstrating approximately 20 consecutive cycles for an
example PAS (red) and an example ECMS (blue), both
exhibiting set and reset transitions at similar voltages. Note
that in this case, the G = I/V conductance is plotted as a
function of the bias voltage and the switching-threshold
voltage is identified by the bias voltage, where the G(V)

curve crosses the average ((GHCS + GLCS)/2) conductance
(black dashed line). It is clear that the ECMS is a basi-
cally reproducible process and, accordingly, the standard
deviation of the switching-threshold voltage, �Vthr, is
small compared to the average value, Vthr. In contrast,
the switching-threshold voltage shows a broader funda-
mentally stochastic cycle-to-cycle variation in the case of
PAS, yielding significantly higher �Vthr/Vthr ratios (for the
numerical values, see the caption).

Next, we analyze the device-to-device variation of the
threshold voltages. For this, in Fig. 3(a) we plot the
mean threshold voltages of set transitions (circles) and
reset transitions (squares) for independent measurements
of reproducible switchings as a function of the initial
conductance state [i.e., the LCS (HCS) in the case of
the set (reset) transition] both for PAS (red) and for
ECMS (blue). The right panel of Fig. 3(a) shows the cor-
responding histogram of the threshold voltages. In the
figure, the difference between PAS and ECMS is clearly
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FIG. 3. The device-to-device variation and sweep-rate depen-
dence of the threshold voltage. (a) The set (circle) and reset
(square) threshold voltages of several PAS processes (red) and
ECMS processes (blue) with various initial conductances. The
right panel summarizes the data in a histogram. (b) The sweep-
rate dependence of the threshold voltages for representative PAS
processes (red) and an ECMS measurement (blue). The error bars
represent the cycle-to-cycle standard deviation of Vthr for the var-
ious measurements, while the lines represent linear fits to the data
along linear Vthr and logarithmic sweep-rate axes.

distinguishable: the ECMS threshold voltages exhibit well-
defined and relatively low values around ±155 mV,
whereas the PAS Vthr values show a wide distribu-
tion exhibiting order-of-magnitude device-to-device differ-
ences up to ±1 V. Furthermore, this upper limit seems
to be related to the limited stability of the break-junction
arrangement at even higher voltage drives, whereas the
more stable nanofabricated samples may also exhibit even
higher thresholds [see Fig. 1(b)]. Moreover, we can again
observe clear confirmation about the switching direction
being well defined for ECMS (the set transition occurs
at positive voltage) and stochastic for PAS. It can also
be noted that the relation of the set and reset voltages
also shows a broad variation in the case of PAS, with
some curves exhibiting similar set and reset voltages [see
Fig. 2(a)] while other junctions show extremely different
set and reset voltages [see Fig. 2(b)].

So far, we have investigated the switching characteris-
tics at specific frequencies but now we turn to the time
dependence and aim to explore the so-called voltage-time
dilemma, which is a well-known phenomenon in mem-
ristive systems [15,24,26] and can be summarized as the

exponential acceleration of the switching time while lin-
early increasing the applied voltage. Figure 3(b) depicts
the absolute value of the threshold voltage as the function
of the sweep rate for selected representative atomic switch-
ings in different ranges of threshold voltages (red symbols).
A clear exponential dependence (i.e., a linear trend on
a linear-logarithmic scale) is visible; however, the varia-
tion of the threshold voltage with the sweep rate is rather
small: typically Vthr increases by 10% as the sweep rate
increases by a decade [for a quantitative slope analysis, see
the circles in Fig. 4(d)]. As a comparison, the Ag/AgI/(Pt-
Ir) ECMS system [blue curve in Fig. 3(b)] shows a more
than twice as large relative variation of Vthr in the same
sweep-rate interval, whereas there are also examples of an
Ag-based ECMS exhibiting an approximately 100% rel-
ative increase of the threshold voltage within one decade
along the temporal axis [27–29]. We also note that mem-
ristive switching experiments have already demonstrated
ultrafast measurements going down to switching times of
10 ps at the present instrumental resolution limit [15,30–
33], where the time-resolved tracking of thermal relax-
ation processes is already possible [33]. Here, this type
of time-resolved insight into the PAS phenomenon is not
yet available, being limited by the low bandwidth of our
conventional low-temperature break-junction setup.

B. Theoretical model of atomic switching and
numerical simulations

In the following, we present a theoretical model with
the goal of describing the PAS, with special emphasis
on the large stochastic cycle-to-cycle variation of the
threshold voltage and the rather weak dependence of the
threshold voltage on the sweep rate. Considering a conven-
tional electromigration picture, the PAS could be related
to current-induced forces, such that the current density is
the relevant driving parameter of the switching [34]. In
that case, junctions with different diameters should per-
form atomic switching at similar current densities. This
picture, however, is not consistent with the experiments
of Ref. [21], where atomic junction instabilities have been
studied for various materials and junction sizes. Instead,
Ref. [21] has described the switching phenomenon by the
pumping of particular phonon modes, also considering the
contact destabilization by runaway phonon modes due to
nonconservative forces. In addition, Ref. [35] has pro-
posed to estimate the material-dependent threshold volt-
ages based on first-principles calculation of the current-
induced tensile strength in ballistic conductors, yielding
the same sequence of threshold voltages as experimentally
observed in Ref. [21]. Here, we apply a similar but sim-
pler approach to the phonon-pumping model of Ref. [21]
but solely relying on a conventional vibrational-pumping
model [36,37], i.e., excluding nonconservative forces and
current-induced bond weakening. We demonstrate that
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FIG. 4. A comparison of the measured and simulated switch-
ing characteristics. (a) An illustration of the model energy land-
scape and a sketch naively illustrating the switching process.
(b) A comparison of 20 measured (red) current-voltage char-
acteristics and simulated (black) switching characteristics. The
measured I(V) curve is vertically shifted for clarity. (c) The
measured (red dots) and simulated (colored dashed lines) sweep-
rate dependence of the threshold voltage. Both the simulations
and the measurements are related to the case of a single con-
ductance channel (i.e., junctions with an initial conductance
of G = 1 ± 0.15 G0 are selected in the case of the measure-
ments). (d) The slope of the simulated and measured Vthr versus
log(sweep rate) curves as a function of Vthr at a 100 V/s sweep
rate. The slope is evaluated in the 50–500 V/s interval [gray
dashed lines in (c)]. (e) The cycle-to-cycle standard deviation of
the switching-threshold voltage normalized to Vthr as a function
of the mean threshold voltage evaluated at 100 V/s. In (d) and
(e), the colored circles represent the measured data according to
the color code in the legend of (e). The black lines represent the
simulated data using E = 13.1 meV, Mr = 0.01, and γ = 3. The
yellow and green dashed lines, respectively, represent the varia-
tion of the simulated results by changing a single parameter (i.e.,
using E = 39.3 meV or Mr = 1, respectively) and leaving all the
other parameters unchanged.

this simplified model is already sufficient to describe the
sweep-rate dependence and the cycle-to-cycle variation of
the threshold voltage.

The basic idea of the model is presented in Fig. 4(a): two
metastable junction configurations are considered, which
are described by a double-well potential. At a certain
voltage, the final state is considered as the more stable
(lower-energy) configuration. However, an energy barrier

of Eb must be reached for the switching. For this, the
electrons cannot transfer enough energy to the switching
atom within a single scattering process; however, mul-
tiple scattering events may pump the proper vibrational
mode, described by energy quanta E = �ω. Our model
describes the voltage-induced evolution of the vibrational
energy states as a random walk along the energy ladder,
described by pup(�t) and pdown(�t) upward and downward
jump probabilities within a time step �t. These proba-
bilities are taken from the zero-temperature limit of the
single-vibrational-level model of Ref. 37 using M open
channels (for more details, see the Supplemental Material
[38]). This yields

pup(�t) = 2Mr�t
h

(n + 1) (eV − E)

and

pdown(�t) = 2Mr�t
h

n (eV + (3 + 4γ ) E)

for the energy absorption from the electrons or the energy
emission from the vibrational mode to the electrons,
respectively. Here, V is the bias voltage, h is Planck’s
constant, n is the occupation number of the vibrational
mode, and r describes the ratio of the electrons inter-
acting with the vibrational mode, which is approximated
by the r = 0.01 typical value according to the fitting of
the point-contact spectroscopy measurements on an Au
atomic contact in Ref. [37,39]. The γ = γd/γeh param-
eter describes the ratio of the electron-phonon coupling
strength (γeh) to the phonon-phonon damping parameter
(γd), as described in more detail in the Supplemental Mate-
rial [38]. In our simulations, γ = 3 is used, based on the
value determined for a gold wire in the work of Paulsson
et al. [37,39]. The value of the phonon energy quantum
is estimated to be E = 13.1 meV in the Ag atomic wire
based on the homology of forces [40] applied to the sim-
ulated mean value of the mean phonon energy quantum
of Cu atomic wires [21]. According to the highly open
conductance channels of Ag atomic wires, the number of
open channels is estimated from the G conductance as
M = round(G/G0). The model is invariant for the actual
value of �t; however, the time step should be sufficiently
small to satisfy the pup(�t) + pdown(�t) < 1 condition for
the investigated n and V values.

In our simulation, the voltage is increased with a prede-
fined sweep rate and, meanwhile, a random walk along the
energy ladder is considered according to the above rules
(for more details, see the Supplemental Material [38]). The
switching happens at the voltage at which the Eb barrier
energy is reached for the first time. At this point, the sys-
tem switches to the other, more stable, configuration, from
which no back switching is considered as the voltage is
further increased. The simulation delivers the probabil-
ity density function of the voltages needed to reach the
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Eb energy barrier at a given sweep rate. From this, both
the average and the standard deviation of the switching-
threshold voltage can be determined at an arbitrary sweep
rate.

We emphasize that our approach applies fixed physi-
cally motivated model parameters and that the Eb barrier
energy is the only free parameter, which is rather directly
related to the Vthr switching voltage. On the other hand,
the energy landscape [Fig. 4(a)] of the system is consid-
ered to be modified by the applied voltage, presumably
yielding a decrease of Eb with increasing voltage. Further-
more, the energetically more stable atomic configurations
should be interchanged at reversed voltage polarity. These
processes are not modeled in our simulation. We argue,
however, that at low enough voltages, where the probabil-
ity of reaching the barrier energy is negligible, the actual
value of Eb is insignificant. Therefore, we consider Eb
as the characteristic barrier height in the voltage interval,
where the switching has a reasonable probability, i.e., in
the voltage region, where the experimentally measured Vthr
values scatter. We also emphasize, that the huge sample-to-
sample variation of Vthr in Fig. 3(a) implies a very broad
variation of the possible atomic arrangements (and possi-
ble barrier energies). Accordingly, we cannot propose any
specific atomic arrangements in our model: the sketches in
Fig. 4(a) are only naive illustrations.

C. Comparison of the experimental data and the
model calculations

Figure 4(b) compares measured (red) and simulated
(black) PAS I(V) curves both including 20 switching
cycles. In the simulation, the HCS and LCS conductances
and the sweep rate are set according to the measured I(V)

curve and the Eset
b and Ereset

b barrier energies are adjusted
such that the average switching voltages of the measure-
ment are reproduced. This simulated stochastic cycle-to-
cycle variation of the switching voltage resembles that of
the measured data very closely.

To obtain a further comparison, we investigate the
sweep-rate dependence of the switching [Fig. 4(c)]. The
simulated mean threshold voltages for M = 1, r = 0.01,
E = 13.1 meV, and γ = 3 are plotted as a function of the
sweep rate in Fig. 4(c) for various Eb energy barriers by
colored dashed lines. As a comparison, the sweep-rate-
dependent measured mean threshold voltages of PAS states
with an initial conductance of G = 1 ± 0.15 G0 are shown
by red circles. The red lines represent linear fits to the
data along linear Vthr and logarithmic sweep-rate axes.
The slope of these fits very closely resembles the slopes
of the simulated curves, with both exhibiting an increas-
ing slope with increasing Vthr. Note that this comparison
with the simulations allows the estimation of the energy
barrier required for the atomic switching in a particular

experiment (see the colored Eb/E values on the simulated
curves).

For a more quantitative analysis, Fig. 4(d) compares the
threshold-voltage dependencies of the measured and sim-
ulated slopes, i.e., the change of Vthr along the one-decade
change of the sweep rate between the gray dashed lines in
Fig. 4(c). Note that in Fig. 4(b), the presented simulations
and experiments have been restricted to the single-channel
(M = 1) situation. Figure 4(d), however, shows the mea-
sured slopes (circles) for all the sweep-rate-dependent
measurements as a function of Vthr encoding the conduc-
tance range of the initial state with colors. This color
coding does not exhibit any obvious conductance depen-
dence of the measured slope values. The Vthr-dependent
simulated slopes at M = 1, r = 0.01, and E = 13.1 meV
are plotted by a black line. The colored dashed lines illus-
trate the sensitivity of the model to the parameters. A
threefold increase of E (yellow dashed line) as well as a
100-fold increase of M or r (i.e., the 100-fold increase
of Mr as demonstrated by the green dashed line) yield a
very modest variation of the simulated slope values (for
a more detailed investigation of the dependence on the
model parameters, see the Supplemental Material [38]).
To conclude this analysis: in spite of the scattering of
the experimental data, the simulated and the measured
slope values cover the same slope range, exhibiting a very
similar Vthr dependence. Furthermore, the simulated slope
versus Vthr curve is rather insensitive to the model parame-
ters; in particular, the junction conductance (G ∼ M ) does
not influence the slope values significantly. On the other
hand, we emphasize that our simplified model does not
capture many details of the actual switching process; in
particular, the obvious voltage-dependent deformation of
the potential landscape as the switching is approached, as
well as the current-induced or nonconservative forces act-
ing on the switching atom [41,42]. Furthermore, the role of
these aspects is expected to be different for each individual
junction arrangement, which might explain the broad vari-
ance of the experimental data points around the general
tendency predicted by our simplified model.

Next, we investigate the Vthr dependence of the cycle-to-
cycle standard deviation of the threshold voltages, �Vthr
normalized to Vthr. The colored circles (solid and dashed
lines) are related to the same experimental (simulational)
data as in Fig. 4(d), using the same color coding. This anal-
ysis also shows a very good correspondence between the
experiment and the simulation, exhibiting a rather constant
�Vthr/Vthr ≈ 5% value. A significant deviation from this
is only observed at low threshold voltages. In this range,
a few phonon energy quanta are sufficient to reach the
barrier, i.e., the model calculation is expected to be less
reliable. Furthermore, the repeated cycling may also intro-
duce slight variations in the two atomic arrangements, even
if the conductances of the two states seem to be similar
in the subsequent cycles. The latter issue may introduce
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an additional cycle-to-cycle variance of the threshold volt-
age, which may also explain the deviation from the model
curves, especially in the low-threshold region, where the
normalization to the low Vthr magnifies a small excess
value of �Vthr (for more details, see the Supplemental
Material [38]).

III. CONCLUSIONS

In conclusion, we have performed a quantitative analy-
sis of the pure atomic switching phenomenon in cryogenic
temperature silver break junctions, where electrochemical-
metallization-type resistive-switching mechanisms can be
excluded. We have demonstrated that PAS exhibits fun-
damentally different characteristics compared to con-
ventional ECM-type resistive-switching mechanisms: in
particular, the switching-threshold voltage exhibits a
huge device-to-device variation—a large, fundamentally
stochastic, cycle-to-cycle variation—however, it depends
rather weakly on the driving frequency. All these phenom-
ena have been successfully described by a simple model
relying on the pumping of a single vibrational mode by the
electrons scattering at the device bottleneck. By simulating
the random walk along the energy ladder of the vibra-
tional mode and identifying the switching mechanism by
the first reaching the proper barrier energy, we could pro-
vide a consistent model of the experimental observations,
quantitatively describing the weak frequency dependence
of the switching-threshold voltage, as well as its stochastic
cycle-to-cycle variation.

Our above measurements on undoubtedly pure Ag
atomic wires very much resemble the switching charac-
teristics of sulphurized silver devices driven to the range
of the conductance quantum unit, i.e., Ag2S resistive-
switching units with a few atoms in the active volume
(see Fig. 1(b) and Ref. [22]). This comparison implies
that in the latter case, the conventional ECMS is replaced
by a fundamentally different physical mechanism, where
the role of the Ag ions in the embedding Ag2S environ-
ment become irrelevant and, rather, the PAS phenomenon
characteristic of atomic sized pure metallic nanowires
becomes the dominant process. This analysis raises the
possible emergence of the PAS phenomenon in a wider
range of atomic sized ECM-type resistive-switching sys-
tems, highlighting the need for the proper characterization
and understanding of the PAS phenomenon.
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