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The paper proposes a mechanism of the cyclic switchover effect observed in electro-
chemical systems with point contacts used as nano-sized solid-state electrodes. The effect
consists in cyclic processes of formation and dissolution of nano-dendrites synthesized in
an electrolyte; it is generated by a new type of electrochemical electrode system — the
gapless electrode system formed on the surface of the point-contact conduction channel.
The main features of the cyclic switchover effect are analyzed in the framework of a
self-oscillation model; the feedback effects are discussed. The paper also studies the
properties of the gapless electrode system and examines the evolution of the conduction
channel of the point-contact nanostructure. It is shown that the crucial condition for the
unique evolution of the conduction channel is the formation of an electric arc responsible
for the redistribution of the material and current in the electrochemical system. The
proposed mechanism provides an adequate description of the experimentally observed
phenomena and promises to be a useful tool for future studies. The results obtained in the
paper can be used to develop a new generation of highly sensitive sensors based on the
quantized conductance of dendritic point contacts immersed in electrolyte.

Keywords: Yanson point contact, nano-objects, gapless electrode system, cyclic
switchover effect, self-oscillation, electrochemical arc.

IIpennoxen MexaHMSM MUKJIMYECKOTO DIIEKTPOXMMHUYECKOr0 KOMMYTAIMOHHOrO addexra,
KOTOPBIA HaOJII0JaeTcsd B 9JIEKTPOXHMMHUYECKUX CHCTEMAX C TOUYEYHBIMH KOHTakTamu. Oddexr,
BaKJIOYANOINIICA B UePEeJOBAHUU IIPOIECCOB (hOPMUPOBAHUA W PACTBOPEHUS HAHOIEHIDPUTOR,
CUHTE3UPYEMBIX B JJEKTPOJUTE, BOSHHKAET B HOBOM THUIIE 3JIEKTPOXMMHUYECKON BDIEKTPOIHON
cucreMbl — OecIiie/ieBOil DJIEKTPOAHON cucTeMe, (DOPMUPYIOMIEHCH Ha IIOBEPXHOCTH TOYEUHO-
KOHTAKTHOIO KaHaJla IIPOBOAUMOCTH. B paMKax MOIeIr aBTOKOJe0aHWU IIPOaHaIN3UPOBAHBI
OCHOBHBIE OCOOEHHOCTH 9TOr'0 SIBJIEHUA U 00Cy:KOeHbl ahdexTsl oOpaTHOU cBasu. McciaemoBaHbl
cBolicTBa OecCIIeIeBOl 2JIEKTPOAHOII CHCTEMBI M PACCMOTPEHA SBOJIOIUA KaHaJA IIPOBOLMMOCTH
TOUEUHO-KOHTAKTHOM HAHOCTPYKTYPHI. II0Ka3aHO, YTO KPUTUUECKHM YCJIOBHUEM JJIs PeasIusalliin
VHUKAJBHON 9BOJIIOIMHU KaHajla IPOBOAMMOCTU SABJISETCH 00pasoBaHMe 3JIEKTPUUYECKON myru,
OTBeUAlOIIell 3a mepepaciipeesieHre BeIlleCTBA 1 TOKA B SJIEKTPOXMMHUYECKOil cucreme. IIpesmio-
JKEHHBIM MeXaHH3M AJeKBATHO OIMCLIBAET 9KCIIEPHUMEHTAILHO HaOGAIOJaeMble SABJIEHUA U HECO-
MHEHHO Oyzer mHojieseH [Jid IIOCHAeAYIOHIuX ucciaemoBanuii. Iloayduenubie B paboTe pesysbTaThbl
MOTryT OBITh HCIIOJb30BAHBI JJIsI PAspaloTKH HOBOr'O IOKOJIEHHS BBICOKOUYBCTBUTEIBHBIX CEHCO-
POB, IIOCTPOEHHBIX HA HCIIOJL30BAHUM KBAHTOBAHUSA IIPOBOLMMOCTHA IE€HIPUTHBIX TOUEUHBIX
KOHTAKTOB, IOTPYMKEHHBLIX B SJEKTPOJUT.
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MexaHi3M TUKJIYHOTO €JEKTPOXiMITHOTO KOMYTAI[IHHOTO e(deKTy, M0 CIHOCTEePiracThcsa
B €JCKTPOXiMIiYHHX CHCTEMAX HA OCHOBI TOUKOBUX KoOHTakKTiB. B.O.JIurxax, O.II.Ilocnenos,
I''B.Kamapuyx, BJI.Baxyaa, €.C.Cupxin.

3amponoHoBaHUIl MeXaHi3M IMKJIIYHOTO eNeKTpoxXiMiuHoro KomyTamiinoro edexTty, 1o
CTIOCTEPIiraeThCA B €JEKTPOXIMIUHUX CcHCTeMaX 3 TOUKOBUMH KOHTAKTAMU, BUKOPUCTAHUMU B
SKOCTI HAHOPOBMIPHUX TBePAOTINbHUX eleKTponiB. EdexT, 1o mondarae y uepryBaHHi mpo-
1necie GOPMYBaAHHA Ta POSUNHEHHA HAHOMEHIPUTIB, AKi CMHTE3YIOTHCA B €JEKTPOJiTi, BUHU-
Kae y HOBOMY THHI eNeKTpoxXiMiumoi emeKTpoaHol cucTeMu 1 Oesurinuuuiil enexktpoxHiit
cucreMi, o GOPMYeThHCA HA MOBEPXHI TOUKOBO-KOHTAKTHOTO KaHAJNY TMPOBiAHOCTI. ¥ paMKax
MOJieJli ABTOKOJIWBAHL MPOAHATIZOBAHO OCHOBHI 0COOJMBOCTI IIHOTO ABUIA Ta OOTOBOPEHO
eheKTHU 3BOPOTHOTO 3B’A3KY. JlocaifKeno BIacTUBOCTI 6e3NIiIMHHOI eTeKTPOAHOI CUCTEMHU Ta
POBTJISHYTO €BOJIOIII0 KaHaly MPOBiTHOCTI TOUKOBO-KOHTAKTHOI HAHOCTPYKTYypHu. Ilokasano,
10 KPUTHUYHOIO YMOBOIO I/ peaniszanil yHiKaJbHOI eBOJIONII KaHAJy TPOBiIZHOCTL € yTBO-
PeHHA eJeKTPUYHOI AYyrHu, IO BiATIOBifae 3a TepepoO3MOMiS PEUOBMHU Ta CTPYMY B €JIeKT-
poximiunifi cucrtemi. 3ampomoHOBaHUII MeXaHI3M aJeKBATHO OIHNCYE €KCIEePUMEHTAJILHO
CTIIOCTepPEsKYBAH] ABUIIA Ta 6e3mepeuro 6y/e KOPUCHUM AJNA TMOAANBINTNX AOCHimKeHL. OTpu-
MaHi Pe3yJIbTATU MOKYTh OYTM BUKOPUCTAHI MJd PO3SPOOKU HOBOTO MOKOJIHHA BUCOKOUYTJIU-
BUX CEHCODiB, MOOYZIOBAHUX Ha BUKOPUCTAHHI KBAaHTYBAHHA MPOBiHOCTI AEHAPUTHUX TOUKO-

BUX KOHTAaKTiB, 3aHYPEHUX B €JEKTPOJIT.

1. Introduction

One of the most active areas of modern
fundamental and applied researches is de-
velopment of advanced nanotechnologies.
Yanson point contacts [1] are among the
promising objects employed to achieve the
goal [2—4]. Unlike many theoretical models
proposed by a number of authors [5-8], the
Yanson point contacts are a real technical
product manufactured using the knowledge
acquired and accumulated in the process of
development of the Yanson point-contact
spectroscopy. Being characterized by unique
quantum properties, these nano-objects,
however, can be relatively easily produced
using some simple technological know-hows of
the Yanson point-contact spectroscopy [3, 9].
A distinctive feature of the Yanson point
contacts is their strict compliance with
some clearly formulated quality criteria [9].
These criteria are needed to produce sam-
ples with predetermined or predictable prop-
erties. As a result, the nature of the Yanson
point contacts is drastically different from
that of conventional electric contacts. The
original physical properties and applications
of the Yanson point contacts include, among
others, their spectroscopic capabilities [9,
10], quantized conductance [11-13], and a
gas-sensitive effect [14, 15]. The unique na-
ture of the Yanson point contacts not only
creates the necessary conditions for them to
be used as an efficient tool to study various
electric and quantum effects [4], but also
lays the foundation for the development of
new low-cost advanced technologies. The
practical use of the Yanson point contacts
can be illustrated by the development of
sensors with unique parameters [3] and the
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creation of an innovative technology of real-
time detection of carcinogenic strains of
Helicobacter pylori, which has already been
successfully tested [16].

Immersion of the point contacts into a
conducting liquid medium opens up new op-
portunities never known before. Dendritic
point contacts produced this way display new
fundamental properties which may lead to a
breakthrough in nanotechnologies [17, 18].
They have been developed with the purpose
of creating objects with a room-temperature
electron mean free path greater than the
contact diameter. The dendritic point con-
tacts possess quantum properties and ex-
hibit electronic and atomic shell effects at
room temperature. They are characterized
by ballistic electronic conductivity. These
fundamental features imply a priori that
the dendritic point contacts also have spec-
tral properties [19]; that’s why they belong
to the family of the Yanson point contacts,
which, together with other contact struc-
tures, are used in the Yanson point-contact
spectroscopy.

In this paper, we discuss a new effect
obtained with the dendritic point contacts
— the cyclic switchover effect in electro-
chemical systems based on the Yanson point
contacts [18]. As it is shown in [17, 18, 20,
21], the effect is generated by a new type of
the electrochemical electrode system — the
gapless electrode system (GES), previously
known as elongated electrochemical element
[17, 18, 22], which is formed on the surface
of the conductivity channel of a point con-
tact immersed into a liquid medium. The
importance of studying the GES and the
cyclic processes related to it is largely due
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to the lack of comprehensive information on
the cyclic processes in electrochemistry.
Discovery of a new cyclic process is of great
interest to specialists in different fields.
The cyclic effect of electrochemical point-
contact commutation opens new facets to
the understanding of physies and chemistry
of mnanostructured electrode systems and
broadens the prospects of their practical use.

When dealing with synthesis of the den-
dritic point contacts and with the cyclic
switchover effect, one has to consider the
processes which occur at the macro- and
nano-levels. The cyclic switchover effect is
a series of alternating processes induced by
electric field: growth and dissolution of a
dendritic point contact in electrolyte [18].
The macro-level processes include the initial
dendrite growth. Once the dendrite tip

reaches the counterelectrode (anvil), a
nanostructure emerges — the dendritic
Yanson point contact [3] — and the sub-

sequent processes of the cyclic switchover
effect are those typical of quantum conduct-
ing systems [283]. This combination of the
processes occurring at both macro- and
nano-levels is very unusual and needs an
integrated approach.

Here we propose a mechanism of the ob-
served cyclic switchover effect. We demon-
strate the self-oscillation nature of the ef-
fect, reveal and analyze its main charac-
teristics. The proposed mechanism describes
adequately the experimental situation [17,
18] and promises to be useful for explana-
tion of new effects obtained with dendritic
Yanson point contacts. It should be noted
that the processes of formation and dissolu-
tion of the conductivity channel of the den-
dritic Yanson point contact have the charac-
ter of a self-oscillation and do not require
any differently directed external forces
[18]. To start the processes, it is enough to
apply an electric field to the system. This is
one of the main differences from the proc-
esses in which the contacts are produced
using the traditional electrochemical tech-
nology of deposition or dissolution of a
metal [24, 25]. In the case of the classic
electrochemical technology, the transition
from metal deposition to its dissolution is
attained by manually reversing polarity of
the main and auxiliary electrodes, while the
cyclic switchover effect is only a result of
the permanent action of an electric field
[17, 18].
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Fig. 1. Model of the system. Geometry of the
experiment. Parallel planes are electrodes:
cathode (C), anode (A). Upper-left section (a)
— uniform conducting solution, parallel lines
between cathode and anode are equipotential
surfaces. Lower-left section (b) — uniform
potential drop in the solution. Upper-right
section (¢) — part of the conductivity channel
during its growth or after its break. Cathode
and the part of the conductivity channel con-
stitute a single continuous metallic equipo-
tential surface. Curved lines — cross-sections
of equipotential surfaces in electrolyte, dis-
torted if compared to those in Fig. 1a. Lower-
right section (d) — nonuniform potential
drop along the axis of the remaining part of
the conductivity channel and electrolyte.

2. Model

Consider a system which is equivalent to
a plane capacitor filled with an electrolyte.
The equipotential surfaces between the ca-
pacitor planes are equidistant and parallel
to the planes. The linear voltage vs. dis-
tance dependence is shown in Fig. 1a,b. The
specificity of the system is that the planes
are connected through a cylindrical conduc-
tor which is normal to them. The conductor
can be used to model the conductivity chan-
nel of the Yanson point contact [4, 9].

Formation of a GES is a characteristic
result of the influence of this linear poten-
tial distribution on surface electrochemical
phenomena [18, 21, 22]. Note, that the GES
includes two sections on the conductor sur-
face which are its integral structural parts:
the cathode section, concerned with the
processes of deposition and reduction, and
the anode one, where the processes of disso-
lution and oxidation take place. These two
sections are separated by a polarity inver-
sion boundary — a line on the surface with
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no directed electrode processes. Let us take
the so-called zero point, which coincides
with the inversion boundary, as the refer-
ence point for the potential. The potential U
at a given point is the potential drop be-
tween the point and the inversion boundary.
The rate at which ions pass through the
metal-solution interface does not depend on
the interface orientation, being only de-
pendent on the potential at the given point
on the interface with respect to the inver-
sion boundary. This independence on the in-
terface orientation is absolutely natural,
since the potential at a point is a scalar
value. It can be seen from Fig. la, b that in
the case of a linear dependence, the zero
point of the uniform channel is initially
equidistant from both of the channel banks.
In the process of dissolution, the zero point
moves (see Fig. 1le, d).

For small deviations of the potential
from the zero point, the expression for the
maximum current density can be given as
follows [26]:

j=Jjo2FU/2RT. (1)

Here j; is the exchange current density, z is
the number of electrons transferred simul-
taneously through the metal — solution in-
terface, F is the Faraday constant, U is the
potential drop between the banks, R is the
universal gas constant, and T is the tem-
perature. As U grows, the current vs. po-
tential dependence becomes nonlinear.

The voltage changes along the whole
channel, which means the conditions for
deposition (dissolution) change too. The in-
itial distributions of the channel mass and
cross-section which are uniform throughout
the channel became no longer uniform when
the channel carries a current. As a result,
the conductivity channel can partly dis-
solve. Having no contact with the anode,
the surface of the cylindrical conductor is
virtually equipotential (see Fig. lc), since
the resistance of the electrolyte and the
metal — electrolyte interface exceeds
greatly that of the metallic channel [18].
The conducting channel has a potential
equal (or close) to that of the anode, giving
thus rise to processes of channel growth
which continue until the contact with the
anode is there again. The contact with the
anode and the flowing current change the
situation drastically — the GES comes into
the play. This new cycle starts with the
polarization inversion boundary at the geo-
metrical centre of the conductivity channel
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of the newly formed Yanson point contact.
There is again the initial uniform potential
drop along the channel; the areas of ion
dissolution and deposition reappear.

The relation between the density of ion
current j and the carrier concentration n,
carrier charge ¢, and velocity v of ion or-
dered motion in the electric field is:

Here the subscripts 1 and 2 refer to positive
and negative ions in the solution. In our
system, the dissolution — transfer — depo-
sition processes are related to the ion sub-
system of the metal. Therefore, the current
depends on the number of ions transferred
from the metal surface to the solution in
unit time. It can be seen from Egs. (1) and
(2) that the ion number is proportional to
the potential at a given point of the channel
(as we have already said, by the potential we
mean a potential drop between a given point
and a point on the inversion boundary).

In accordance with Egs. (1) and (2), the
maximum dissolution rate is observed in the
area of contact with the positive bank.
Equation (1) describes the current density
for dissolution (deposition) of metal ions be-
tween the electrode and electrolyte as a
function of the potential. Equation (2)
yields the current density inside the electro-
lyte. It can be seen that the dissolution rate
grows as the potential increases, i.e. as the
distance from the anode decreases. There-
fore, the current density in the electrolyte
(2) also grows due to the current continuity.
Near the negative bank of the channel, the
dissolution rate reaches its maximum value.
A change in the channel shape results in a
nonuniform distribution of resistance and,
therefore, in a nonuniform dependence of
the potential drop. Narrowing of the chan-
nel shifts the zero point towards the anode.
This means, as the process develops, the main
portion of the potential drop between the
banks shifts in the same direction. The inten-
sity of the processes considered above grows
significantly. Equipotential surfaces in the
liquid near the contact surface adjust them-
selves to the equipotential surfaces in the
contact. A denser arrangement of the equipo-
tential surfaces corresponds to a higher inten-
sity of the electric field; the velocity of ion
motion is quickly increased in a small area
adjacent to the positive bank, since the elec-
tric field grows there. The process of heat
removal from the point contacts was analyzed
in detail in [27] (see also [28] on heat trans-
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mission between two media). At such great
electric fields, direct conductivity in the
electrode and in the solution is interrupted
due to electrochemical processes of dissolu-
tion rather than heat phenomena. In the
direct-current mode realized in our experi-
ment, the potential drop and overheating
reach their critical values when the contact
gets lost. The system starts operating in the
oscillation regime with alternating proc-
esses of growth and dissolution.

The greater the current maintained in
the system (in dc¢ mode), the longer is the
section of the channel which may dissoclve.
If, after the contact is lost, there is still a
part of the channel left near the anode, it is
first to dissolve because of the high concen-
tration of electric field between the cathode
and the anode near the sharp tip of the
electrode. During the dissolution of the con-
ductivity channel, all of the current be-
tween the cathode and the anode contributes
to depositing the metal on the cathode to
quickly restore the contact. In the experi-
ment [18], the break of the channel is ac-
companied by a huge increase in the resis-
tance observed for a short period of time
(less than 0.1 s) followed by a quick recov-
ery of the broken part. The dissolution of
the channel occurs over quite a long period
of time (1 to 10 s). The long duration of
this phase is due to the fact that during the
dissolution of the channel near the anode,
the electrolysis current remains pretty
small (much smaller than the current flow-
ing directly through the channel).

3. Formation of arc discharge

The break of the conductivity channel re-
sults in a sharp increase in the resistance of
the medium followed by an arc discharge.
The arc emerges when the gap in the con-
ductivity channel is as small as one or few
monomolecular layers of the solution. A
large part of electrons can get through the
gap without dissipating their energy. At the
initial stage of the arc discharge, during
the arc formation, electron energy is mostly
transformed into heat in the metallic elec-
trode. The energy of one electron, eU, is not
enough to knock out a metal atom. It
spreads over a certain layer of the crystal
near its surface. If the flux of energy
brought by electrons is much greater than
the flux of heat removed from the system,
an overheated area emerges near the anode.
Heat removal in the point contacts can be
hindered due to their geometry and the cut-
off effect [29]; that is a cut-off of the high-
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frequency part of the phonon spectrum (the
spectrum of acoustic lattice vibrations lies
within the range from zero to the Debye
frequency). So, at temperatures exceeding
the Debye temperature, the removal of heat
into the inner part of the electrode becomes
much less efficient. Almost all energy
brought by electrons remains in the rela-
tively thin layer near the electrode surface.
The average temperature of this heated
near-surface layer can be estimated by com-
paring the energy eU delivered by one elec-
tron with the mean energy of heat motion
of a crystal atom, which is close to T by
the order of magnitude:

T=eUN,/kN,,. (3)

Here N,, is the number of atoms in the
overheated near-surface area of the elec-
trode; N, is the number of electrons which
reached the electrode surface. For estima-
tion, we take these experimental data [18]:
I=20puA=21075 A, Rp =12.9 kQ (resis-
tance of a single-atom contact equivalent to
one conductance quantum), U =IRp=
0.26 V. The initial (minimum) estimation
can be calculated under the assumption that
the number of atoms in the overheated layer
is equal to that of the electrons brought to
the electrode, N, = N ;. This is indeed the
minimum possible value, because for our
current values, the condition N, > N, (and
even N, >> N,,) is fulfilled rather quickly.
Hence, we arrive to the temperature T of
about 3200 K. The huge electron flux I/e
(which is of the order of magnitude of
1013 571y leads to a fast and intense heating
of the anode surface up to the boiling point
of the anode material. The electron flux of
1013 571 falls on a tiny surface. After the
dissolution (break) of the conductivity chan-
nel, the area of the tip of the broken chan-
nel is 1 to 100 nm2. With the initial gap of
~1 nm, the current density is j=1/S ~
(1+100)-1012 A/m2. The electron flux per
unit area can be estimated to be j/e ~
(1+100)-1031 m~2, This means that the elec-
tron flux reduced to the size of the point
contact is characterized by a huge concen-
tration of the produced energy, because, ac-
cording to the Joule-Lenz law, the specific
heat is w = rj2, where r is the resistivity of
the medium.

With the electric arc already formed, i.e.
with high electron fluxes and large over-
heating of the surface, the energy removed
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from the system and lost to heating the
metal is not significant any more — all en-
ergy of the electron beam, jU (per unit
area), is consumed to evaporate the anode.
The rate at which the metal vapour flows
away from the surface can be estimated
with the following expression [30]:

uMe = jU/LI‘Me. (4)

Here L is the specific heat of evaporation and
ryre is the solid metal density. The vapour
density ry,, can be converted into the concen-
tration of ions: ny., = (Nprer — Npge-), Where
Nafe = Tage/ Mg @0d 1y, is the concentration of
the vapour gone into the gas-plasma bubble
from the electrode. Then the metal vapour
pressure in the bubble can be presented as Py,
= nyr.kT. We should also take into account the
evaporation of the cathode due to knocking
particles out of its surface when the arc is on.

In the dc mode, the apparatus maintains
the same current strength. In the experi-
ments [18], when the conductivity channel
gets broken (dissolved), its maximum resis-
tance (Rp) is observed to be about Rp=
40 MQ [18] with the potential amounting to
U =IRp=810% V. Then the energy trans-
ferred to the electrode atoms corresponds to
the temperature of heat motion which is
several orders of magnitude higher than the
value obtained above. Of course, such a
high temperature is not reached since the
critical overheating and ignition of the arc
take place at much lower values. The high
resistance (about 40 MQ) can be assigned to
both the low conductivity of the electrolyte
solution within a quite wide gap in the con-
ducting metallic channel and the formation
of a solution-electrode interface after a
large portion of the channel breaks. In this
case, the heat generation is distributed over
the volume of the electrolyte contained be-
tween the needle and the anode.

At the point when the narrowest part of
the conductivity channel gets broken due to
dissolution, the potential drop rapidly redis-
tributes itself in such a way that much of it
is now concentrated near the break. The
maximum value of resistance is not reached
at once. At the same time, the maximum
potential drop exists within the gap in the
metallic contact where optimal conditions
for the start of heating and evaporation of
atoms are created at the broken ends of the
conducting metallic contact (ignition of the
electric arc) [31]. As the gap grows during

Functional materials, 26, 4, 2019

the arc discharge, the resistance of the elec-
tric circuit increases, so do the voltage and
heat generation; the estimated minimum
temperature for an atom to be pulled out of
the contact was 3200 K. This is, in fact, the
description of the process of ignition of an
electric arc in the gap of a metallic channel
immersed in an electrolyte. At temperatures
of the order of magnitude of 103 K, the
liquid evaporates and the current trans-
forms the vapoury mixture of atoms of the
metal and molecules of the liquid into a
plasma (for example, the boiling point of
copper, which is widely used to produce
point contacts, is close to 2900 K [32]). The
arc discharge composed of a gas-vapour
shell, and the spectral lines of metal ions
and dissociated components of the electro-
lyte were observed experimentally [31]. A
stationary mode of the arc discharge is
achieved under the following condition:

Pbubble = Pext 4 (5)

i.e. under the condition of equilibrium of
the surface of the gas-plasma bubble, where

Pext:Patm+PGs+Pcap’

Pyuppie = Pou+ Py + Po + Pyo + -

Here, the overall pressure Pp,;;, inside the
bubble of vapour, and ions of the metal Pg,
and water PHZO’ and dissociation products Py

and Py counterbalances the external pressure
P,,; which includes atmospheric P,;,,, hydro-
static Pg,, and capillary Pcap components.
This condition is similar to the requirement
for boiling [33], where P is the saturation
vapour pressure.

In the process of arc discharge, the
length of the electric arc grows, so does the
lateral surface of the bubble, i.e. there is an
increase in the number of metal ions enter-
ing into the solution from the plasma.
Therefore, the metal vapour pressure P, =
nyoRT decreases due to the decrease in the
concentration n of metal atoms in the arc
bubble. When the following condition is
met: Py ppie < Poxp» the bubble containing
the arc collapses and the discharge stops.
Electric arc or electrical discharge in solu-
tions, known as electrochemical arc or elec-
trochemical arc discharge, is used in various
technical applications [34, 85].

At the next stage, an elongated area with
a high concentration of metal ions is formed
in the place of the arc after the bubble col-
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Fig. 2. SEM image of a crater on the anode
surface (central dark area). The light circle
around is the dry residue of electrolyte.

lapses; it contains ions which penetrated
into the electrolyte after hitting the cavity
surface during the arc discharge and those
residing in that area at the time of collapse.
Almost all of the needle metal evaporated
during the arc discharge ends up in the
solution. It can also contain some hydrogen
and oxygen ions left from the plasma as
well as combustion products. The concentra-
tion n of charge carriers produced this way
inside the area can be several orders of
magnitude higher than the concentration of
charge carriers in the solution beyond it;
this was observed experimentally [31]. So,
in accordance with Eq. (2), a filament char-
acterized by a high density of current lines
is formed in the place of the arc.

One end of the filament is at the needle tip
(conductivity channel cathode) and it grows
fast due to the high current density here. The
other end of the high-conductivity filament is
in contact with the anode surface and, due to
the current continuity, should cause a fast
dissolution of the narrow part of the flat
anode; as a result, an experimentally observ-
able crater is formed (see Fig. 2). If the dis-
solution at the anode maintains a sufficiently
high concentration of ions in the filament,
the needle tip can grow as far as to reach the
anode and restore the lost contact over a
pretty large channel cross-section area in a
short period of time. In the experiment de-
scribed in [18], currents from 1 to 50 pA
were used. On the average, the channel cross
section and conductance were observed to in-
crease with increasing current. In the pro-
posed model, this means that as the current
grows, the power of the arc increases; then,
after the arc goes out, it is the concentra-
tion of carriers in the filament that keeps
growing.
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Fig. 3. SEM image of the salt-coated remnant
of the conducting channel of a dendritic Yan-
son point contact in the central part of the
crater (see Fig. 2).

4. Synthesis of dendrites

We would like to emphasize here that we
are able to clearly discriminate between two
opposite processes. One of them is the arc
discharge in the solution. The other is a
purely electrochemical process of fast depo-
sition (restoration) of the conducting chan-
nel from the high-concentration solution of
the metal in the electrolyte. The latter proc-
ess can be called fast electrochemical deposi-
tion or filamentary electrochemical deposi-
tion, since it occurs within the filament
with a high concentration of metal ions.

Figures 2 and 3 show the state of the
anode (anvil) after observation of the cyclic
switchover effect in [18]. To have a more
comprehensive insight into the transforma-
tions which occur at the electrodes of a den-
dritic point contact, one should examine
Figs. 2 and 8 together with Fig. 2 in [18],
which shows a SEM image of a needle-
shaped electrode (cathode) and dendrites
forming a Yanson point contact. Dimensions
and shapes of the object can clearly be seen
from Figs. 2 and 3.

As the crater deepens, the conducting
channel inside it gets partly screened; this
results in a lower density of the dissolution
current. This leads to a break of the direct-
conductivity channel above the contact of
the dendrite tip with the anode surface in-
side the crater (see Fig. 3). The temporal
change in the channel resistance has a cyclic
self-oscillation character [18].

Our concept allows to distinguishing the
following characteristic phases of one self-
oscillation cycle:

1. When the conducting channel of a
dendritic Yanson point contact has already

Functional materials, 26, 4, 2019
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been formed, a part of it starts dissolving
due to electrolysis (GES regime). This is the
longest process of the cycle lasting from 1
to 10 sec.

2. Direct conductivity of the point con-
tact gets broken.

3. Electric plasma arc
(switchover process).

4. Fast process of arc discharge.

5. Collapse, or extinction, of the arc (an-
other switchover).

6. Electrochemical-filament process, that
is a fast galvanic growth of the conducting
metallic channel (cathode) accompanied by
dissolution of the anode. The filament in
the plasma is formed as a result of the fila-
ment instability [86—88]. In our system, the
filament is “inherited” from the electric
arc.

7. The conducting channel contacts the
anode (switchover followed by formation of
a GES structure).

Processes 2 to 7 occur so fast that they
have not been registered yet (with measure-
ments performed at a registration rate of
10 points per second [18]). The total dura-
tion of the processes 2 to 7 can be estimated
to be less than 0.1 s.

The choice of the parameter which could
be used to describe the self-oscillation of
the system is not trivial. Let us compare
the system under consideration with the
self-oscillation of a clock pendulum. A self-
oscillating system must include three com-
ponents [39, 40]:

1. An oscillating body.

2. A source of energy (energy supply).

3. A feedback mechanism.

In a clock, the energy supply is provided
by the potential energy of the weight sus-
pended on a chain, the oscillating body is
the pendulum, and the feedback mechanism
is the anchor escapement. A positive feed-
back triggers the energy supply in the right
phase of the oscillation, thus increasing the
oscillation amplitude or maintaining the
limit cycle.

goes on

5. Phase portraits

The phase portrait of a clock is well
known [39], it is drawn in coordinates x and
v (see Fig. 4). Without a supply of external
energy, the pendulum oscillation damping
follows an elliptic spiral. The jump at the
feedback point in Fig. 4 shows energy sup-
ply at the middle point of the trajectory (a
jump in velocity).

By analogy with the x and v coordinates,
let us take coordinates m and dm/dt, m

Functional materials, 26, 4, 2019
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Fig. 4. Phase portrait (limit cycle) of oscilla-
tion of a clock pendulum.

being the variable portion of the mass of
the conducting metallic channel. The main
portion of the mass does not change at all
or changes very slowly. Therefore, we only
take the portion of the channel mass that
vanishes completely and then reappears dur-
ing a stationary self-oscillation. This im-
plies a shift of the origin of coordinates
along the mass axis. Fig. 5 shows the pro-
posed phase portrait of the analyzed system.
It is in fact a generalization of a simpler
system shown in Fig. 4. In the self-oscilla-
tion process considered here, the fluxes of
external energy and mass are originated by
the electrolysis current along the surface of
the conducting channel. The oscillating
body is a portion of the mass of the con-
ducting metallic channel. The feedback appar-
ently includes three switchover processes —
3, 5, and 7 in the phase portrait in Fig. 5.
The mass reduction during the oscillation
occurs in the processes 1 and 4 of the slow
dissolution and fast arc-discharge-induced
evaporation. The mass growth takes place in
the oscillation during the electrolytic
growth (process 6 on the phase portrait).
Processes 1, 4, and 6, as has already been
mentioned above, are characterized by dif-
ferent rates, the difference being as high as
several orders of magnitude. Evident feed-
back mechanisms correspond to processes 5
and 7. The process 5 (collapse of the electric
arc discharge) describes the switchover from
evaporation of the channel to its growth.
The process 7 (contact of the conducting
channel with the anode) is after the
switchover from a fast electrolytic growth
of the channel to its slow electrolytic disso-
lution. The switchover process 3 (start of
the electric arc discharge) corresponds to
the onset of a fast inertial phase of evapo-
ration of the conducting metallic channel. It
is this process of the arc discharge that is
responsible for the large amplitude of the
self-oscillation. Were it not for this process,
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Fig. 5. Phase portrait of self-oscillation of
the variable portion of the mass of the con-
ducting metallic channel of a Yanson point
contact immersed in electrolyte. I — slow
dissolution caused by electrolysis; 2 — break
of direct conductivity of the point contact;
3 — start of arc discharge (switchover proc-
ess, feedback); 4 — sharp process of arc dis-
charge; 5 — collapse, or extinction, of the
arc (discharge process, feedback); 6 — elec-
trochemical-filament process, i.e. a sharp gal-
vanic growth; 7 — contact of the conducting
channel with the anode (switchover process,
feedback).

the self-oscillation would probably have
smaller amplitude. With growing current,
the oscillation amplitude in the phase por-
trait in Fig. 4 can increase by a few orders
of magnitude. A large portion of the oscil-
lating channel mass probably evaporates
during the arc discharge, and the slow gal-
vanic dissolution only creates the conditions
necessary for the discharge to start. In sta-
tionary self-oscillations, the mass difference
between the processes 1 to 4 and 6 is made
up for with the anode material.

The proposed new approach allows one to
reveal the main phases of the microscopic
mechanism of the cyclic self-oscillation
process realized in the system of dendritic
Yanson point contact — electrolyte.

6. Conclusions

A mechanism of the cyeclic switchover ef-
fect observed in electrochemical systems
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based on Yanson point contacts is proposed.
The new approach is a result of the study of
the gapless electrode system formed in an
electric field on the surface of the conduc-
tivity channel of a dendritic Yanson point
contact immersed in electrolyte. The evolu-
tion process of a uniform conductivity chan-
nel of the analyzed nanostructure is consid-
ered. In the galvanostatic regime, the disso-
lution takes place at the rates which
increase towards the anode. The dissolution
enhancement is accompanied by an increase
in the contact resistance with the channel
cross-section decreasing down to the size of
an atom. When the channel breaks, the
highest concentration of the electric field is
achieved at the tip of the needle making it
thus possible for a plasma electric arc to
emerge. The idea of arc formation as a
phase in the evolution of a dendritic Yanson
point contact immersed in a solution is pro-
posed for the first time. Also, for the first
time, feedback processes are taken to de-
scribe the main phases of the cyclic self-os-
cillation effect. The proposed mechanism
provides an adequate description of the ex-
perimentally observed phenomena and prom-
ises to be a useful tool for future research
of conductance quantization of dendritic
point contacts and development of new
types of quantum sensors [41].
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