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Impedance ac diagnostics is regularly used to study the transport phenomena in conducting systems of differ-
rent dimensionalities. A common reason for using ac methods that are more complex than dc methods is the pos-
sibility to exclude the influence on the current-voltage (I-V) characteristic of contact phenomena accompanying
dc measurements. In some cases (2d electron systems over helium) dc transport measurements are impossible.
In weakly doped semiconductors (diluted electrolytes), the situation is less critical, but problems with the ohmic
properties of the conducting contacts remain. The analysis of the details of the formalism that determines the re-
action of a conducting medium to an external disturbance depends largely on the form of Ohm’s law for a conduc-
tor introduced into the impedance circuit. If there is a reason to define this law by the formula j = cE, where j,
o, E correspond to local values of current density, conductivity, and transport electric field, the structure of
complex resistance ZF(m) is considered as a force one. If there is a diffusion component in Ohm’s law then
the structure of complex resistance ZA}1 (w) is considered as an electrochemical one. We describe a standard elec-
trolytic capacitor in series RC with a step load in terms of force or complex electrochemical impedance. Compa-

rison with experiment shows the electrochemical structure of the complex resistance.

Keywords: transport phenomena, current density, conductivity, electrochemical impedance, Ohm’s law.

Introduction

The behavior of conducting systems of different dimen-
sionalities in an alternating exciting field is regularly stud-
ied using impedance ac diagnostics. A common reason for
this method, more complicated then methodological possi-
bilities in the dc regime, is the possibility to exclude the in-
fluence of contact phenomena accompanying dc measure-
ments on the current-voltage (I-V) characteristic. In some
cases (2d electron systems over helium [1-3]) dc transport
measurements are impossible. In semiconductor structures,
the situation is less critical, but problems with the ohmic pro-
perties of the conducting contacts remain [4, 5].

The complex resistance 2((0), which determines the re-
action of a conducting medium to an external perturbation,
essentially depends on the form of Ohm’s law for a con-
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ductor introduced into an impedance circuit. If there are
reasons for writing it as j=oE, we call the structure of
complex resistance 2F (w) the force one. If there is a diffu-
sion component in Ohm’s law, then we call this structure
of Z, (w) electrochemical.

For weakly doped semiconductors and dilute electro-
Iytes, the force interpretation of ohmic conductivity is gen-
erally accepted. Homogeneous electric field E in Ohm’s
law j = oE does not violate the constancy of the average
density of charge carriers in the volume of a three-dimen-
sional conducting medium. This property allows linear
transport calculations, taking the field E(t) as the initial
perturbation (in practice, the perturbation is the potential
difference V (t) between the control electrodes). The local
current density j(t) caused by the external field is also ho-
mogeneous [5]. Recent measurements of Z (w) in dilute
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colloidal solutions are discussed in [6, 7] (in [6], the Wayne
Kerr bridge 6425A was used, in [7], it was the LCR meter,
HP484A at © ~150 kHz, at which the imaginary part of
the impedance disappears).

Experimental data [8-10] shows that in the mode of
step loading V (t) =V, 6(t) [6(t<0)=0, 0(t >0)=1] the
characteristic relaxation times <., are much higher than
expected %, in the force interpretation Z (w) [definitions
of times 7, and 1, are given below, formulas (3) and (11)].
The statement t,, > T, also arises in the study of relaxa-
tion phenomena accompanying the loss of stability of a
charged liquid surface in an external electric field and is
discussed separately [11]. The experimental behavior of a
standard electrolytic capacitor in a stepwise loading regime
in terms of force Zg (w) or electrochemical Z, () struc-
tures of complex resistances is considered in this work.

1. Impedances ZF () and 2u(w) for an electrolytic
capacitor under a stepwise load

The complex resistance in Ohm’s law V, (t) = AN (t) is
usually called impedance Z [12]. If the perturbation V, (t)
is harmonic with a frequency o, the Ohm’s law takes the
form

Vg (0) = Z(0) I (o), @

where 2(0)) is the complex impedance of the conducting
structure. In the general case of nonharmonic perturbations,
the concept of impedance keeps its meaning as a linear re-
lationship between V (t) and J (t).

A. Let us consider an impedance circuit shown in Fig. 1,
containing a voltage source V (t) =V, f (t) [V, is the ampli-
tude of the disturbance, f (t) is the time dependence of this
perturbation, stepwise or harmonic], external resistances R;
and a flat capacitor C; which can be filled with a dilute
electrolyte.

The experimental data for the total displacement charges
Q;(Vo.t) (i = A B, C in Fig. 2), getting on the capacitor elec-
trodes in Fig. 1 under step perturbation V, (t) =V, 6(t) al-
lows to verify the theory predictions in zones “1” and “2”
marked in Fig. 3 and Table 1. Index “i” denotes the values
of external resistances R; used when performing the time
cycles 0 <t <.

The RC impedance equation for Qg (t) in the “force
approximation” has the form [12]
dQr Qe

& Vy ). @)

Ry

Here R, is one of the resistances R; of the circuit in Fig. 1,
Cy x d 1 is the geometric capacitance of an empty capaci-
tor, d is the distance between its plates and V, (t) is the
voltage applied to the circuit. The term “force approxima-
tion” introduced above means that the transport component
(first term) of Eq. (2) follows the Ohm’s law in the form
Er = RyJ, where J = dQg /dt. We are looking for a solu-
tion of Eq. (2) first in the case of an empty capacitor, and

1z, R,

T T

il I

1 I
g, 1.

R,| ADC R,| ADC

Fig. 1. Circuit diagram with electrolytic capacitor C, and cali-
brated external resistances R; (precision resistors of the C2-29 type,
high-precision with a low-temperature coefficient of resistance)
for measuring the RC constant by short-circuiting the correspond-
ing resistors. The left side circuit corresponds to charging the
capacity C, from the voltage source V,(t), the right side one
corresponds to its discharge (the contact position changes). The
time-dependent values of the total charge Q(t) on the capacitor
plates are calculated using the data on current flow through the
reference resistance R, =24.9 Ohm and their subsequent ADC
(Analog-to-Digital Converter) processing (the abbreviation is ex-
plained in the text of the work). The obtained values of Q(t) are
presented in Fig. 2.
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Fig. 2. Dependence of the charge Q(t) [C] on the logarithm of
time [s] in the cell Fig. 1 under the stepwise loading of the capaci-
tor with different voltage gates: V, =1.2 (A), 3.3 (B), 5.0 (C) V;
external circuit resistance is 1592.9 Ohm. Vertical arrows explain
the Q. definition used in the text to construct dimensionless
quantities. The inset shows the dependence of Q,, on V,, empha-
sizing the linearity of the considered relaxation processes in this
region (nonlinear effects start for this type of capacitors in the
region V, >10V). Each line Q(t) at a fixed voltage gate V; is
recorded 4 times in 2 charge-discharge cycles, so the points on
the graphs belong to 4 curves. The hysteresis of characteristics in
the charge-discharge cycle was not observed.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 7 661



I. Chikina, B. Timofeev, and V. Shikin

50

Fig. 3. Representation of the function Q;(V,,t) (Fig. 2) in the co-
ordinates (In [1-q;(t)],t) (13), voltage gates V, =1.2 V. External
resistance value R;: R, =1592.9 (squares), R, =1260.9 (rhombuses),
R, =928.9 (stars), R, = 569.9 (triangles) Ohm. The curves indicate
the formation of two regimes corresponding to the relaxation be-
havior of Q;(V,.t) function. Scenario (9) takes place in zone “1”.
Scenario (11) — in zone “2”. The parameters: 1., C!, 7, are
obtained by processing the linear parts of the graphs using a nu-
merical procedure for determining the derivatives (see text for the

details). The corresponding numbers are gathered in the Table 1.

then its generalization to a filled with dilute electrolyte
one. Two types of external perturbation of a system with
a dilute electrolyte are discussed: stepwise and sinusoidal.
These forms of external perturbation are appropriate for
showing the difference between two approximations [“force”
Zg (w) and “electrochemical” Z, ()] describing the impe-
dance properties of a dilute electrolyte.

The solution Q2 (t) of the Eq. (2) defines the impedance
2F (t). Without electrolyte it reads

Q2(t) = CyVo[l—exp (-t/1,,)], Q2(0)=0, T4y =RyCy-

@)
_ To show_the difference between the impedances of
Zg (w) and Z,, (o) in a capacitor filled with electrolyte, it is
convenient to know the relaxation time t,, (3).

Filling the capacitor with electrolyte changes the prob-
lem. First, its volume is filled with a dielectric with a con-
stant €, which is the real part of the dielectric constant of
the electrolyte at low frequencies (formally, at a frequency
tending to zero). This almost instantaneous change of ca-
pacity can be easily taken into account by the replacement
Cy = C§ =¢€Cy. Secondly, simultaneously with the volt-
age drop in the outer section of the circuit, a similar pro-
cess occurs in the volume of the electrolyte. Taking it into
account leads to corrections of the form R;,dQ/dt to
Eqg. (2), where R, is the internal resistance of the electro-
Iyte volume. Third, from the moment the external disturb-
ance Vg (t) is switched on, the process of its screening by
electrolyte ions begins, which changes the capacity C(t)
with time. With the replacements R, — R(t) and C; — C(t),
problem (2) becomes more complicated, turning into a
system of equations. The definitions that control the behav-
ior of R(t) and C(t) arise depending on the amplitude of
the external perturbation V (t). The resulting changes in
the behavior of Qg (t) in comparison with Q2 (t) (3) give
an idea about the transport properties of the electrolyte in
the force approximation.

The definition of the capacitance C(t) has the following
structure [12]:

B +d =2 B
CONZ()/2= | %dx, v, (t):vg(t)—Rom(t)d%,
d
4)

where E(x,t), \7g (t) are the electric field distribution and
perturbation in bulk electrolyte. In the force approxima-
tion, the behavior of E(x,t) follows from the definitions
[10, 11]

dog (t)/ dt + o [E(t) - 4nio (1)] = 0,

G = (0, +0_), op(t) =eng(t),

®)

and using the force approximation simplifications

Table 1. Data processing of Figs. 3 and 4, corresponding to different values of control gates: Vo = 1.2 and 3.3 V [R; is the values of
the external resistances, the times t} represented by formulae (9), the values of C. determined by the formula C} =t} / R;, the times ',

defined by formulae (11)]

Vo=12V
R;, Ohm 569.9 928.9 1260.9 1592.9
rik, S 1.797 £ 0.015 2.800 +0.012 3.817 £ 0.020 4.848 £ 0.029
rio, S 174+21 148 +1.7 142 +1.7 156 +3.8
Ci, 10°F 3.15+0.03 3.01+£0.03 3.03£0.02 3.04 £0.02
Vo=33V
R;, Ohm 569.9 928.9 1260.9 1592.9
rik, S 1.829 £ 0.010 2.873 +£0.022 3.905 +0.016 4.987 £0.045
s 43.7+9.7 447+8.0 46.8+12.0 51.5+20.0
C{, 10°F 3.21+£0.02 3.09+£0.02 3.10+0.02 3.13+0.03
662 Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 7
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d
eny —j(0)=0, n=[an.()dx, j(0)ox (E—4nen,),
0
®)

Cett ™ Thwaws  E(1) =V, (t)/ed, t>0, Qg (t) =eny(t)S.
@)

In the force scenario of relaxation, the ion current in the
volume of the capacitor does not depend on coordinates;
therefore, its value j(x) can be taken at any point, for ex-
ample, in the center of the cell, where x=0, ie,
j(0) = j(x=0). The external field is screened by the elec-
trolyte ions so the charge density 6n, (x) at the edges of the
cell increases forming so-called accumulation layers with
surface ion density nf. S is the surface of the gate elec-
trodes, o is the effective electrolyte conductivity with
contributions o, and o_ ions of different charges. Ty, IS
so-called Maxwell relaxation time characterizing the rate
of relaxation phenomena in bulk electrolyte (see, e.g., [14]).
The current definition j(0) oc (E —4men,) corresponds to
the force approximation of relaxation kinetics.

Equation (5) requires the boundary conditions. Let us
consider two cases:

(i) The dependence of voltage on time has the form
Vg (t) =V0(t), then the filling of accumulation layers starts.

(ii) The dependence of voltage on time has the form
Vg (t) =V exp (iwt), where o is the excitation frequency.

The asymptotics of the derivative do(t)/dt at large
times: t/ Ty > 10r ot > 1, in these two cases are quali-
tatively different.

In the case (i), the charge Q(t) is determined by two
flows: the arrival of charges in the capacitor from the outer
part of the circuit with the relaxation time t,,; = R,C4 (3)
and the internal flows in the cell with electrolyte conduc-
tivity following the law (8) [10, 11]:

or () do
F =t/ Ty OF(0) =0, 0<t <ty

) (EM®)-of /4n)

(®)

with a relaxation time of the order of Ty,

If Tpaw << Tour the process of filling the capacitor by
mobile charges is controlled by the time Ty, the func-
tion E(t) (7) transforms to E(t) > E =V, /(ed) and for-
mula (8) takes the form

o (t) = E[1-exp (—t/ Tyaw )]/ 4, (8a)
6 (0)=0, 0<t<Tpyuu:
Under conditions (8), (8a), the function C(t) (4) can be
approximated by the effective capacity C, having the scale
C, «Cid /X, where A is the Debye screening length
(we assume d > A, typical for electrolyte capacitor).

For evaluating C,, it is necessary to go beyond the
force approximation, since formally the force limit for the
effective capacity C(t — o0) turns out to be divergent.
Thus, the evolution of Qg (t) in the area Ty, <t<t, is
determined by the expression

op ()= E[l-exp (-t/t})]/4n, o-(0)=0, (9)

@ =RC,, C, ~Cid/x, T, <1 <1,.

Here ., is the effective relaxation time from (3) taking
into account the replacement Cy; — C§, t,, is the time of
electrochemical relaxation (discussed below, see (11)). The
relaxation time t,,,,, does not appear in the equations of
this scenario, but it determines the transition C(t) — C, .

The general definition of the capacitance C(t) (4) de-
pends on the filling rate of the accumulation layers at the
edges of the cell. Under the conditions 0 <ty << Touts
the capacitance C(t) grows rapidly in the interval
C4 <C(t) <C,. Subsequently, the growth of the capaci-
tance stops, and the time dependence of Eq. (4) is reduced
to its presence in the factors \7g2 (t) on both sides of defini-
tion (4), while the problem of the behavior of the fields
E(x,t) from (4) in the volume of the cell is linear in Vy (1).
Verification of this important property is presented in the
inset of Fig. 2.

The time 1y, 1S an important parameter for the defini-
tion of ADC regime activity. If, e.g., we have 0-like exi-
tation [regime (i)], the time intervales At; into which the
current experiment time is divided to perform intermediate
integrations 5Q; oc j j;dt, performed by the ADC, is selected
in our case from considerations of At; > Ty - THus start-
ing from the zero moment t = 0, the information about the
current value of o (t) is not recorded in the measurements.

In the case (ii) with an oscillating external voltage
V (t) =V, exp (iwt), the possibility of converting C(t) —» C,,
allowing serious simplifications (9), is absent. In each cycle,
the electrolyte in the cell changes its polarization, as a re-
sult the density n(t) of the accumulation layers fluctuates
around zero. The situation resembles the problem of the
frequency dispersion of the dielectric permittivity of polar
dielectrics [13]. In this case, the case (i) corresponds to
switching on a permanent electric field in order to deter-
mine the static dielectric constant of a molecular liquid (for
example, water). The dipole moments of water molecules,
initially in chaotic positions, are polarized by an external
electric field within a characteristic time t,,. This time
cannot be accurately measured in a stepwise mode. For the
liquids with polar molecules and Debye screening length [14],
the experiment leads to estimations: t,, ~107s. This
time determines the position of the observed frequency dis-
persion of the dielectric constant of polar liquids on the
frequency axis.

B. The difference in the behavior of functions QE ® 3
and Qg (t) (9) gives an undestanding of the phenomenon of
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the force relaxation in electrolytes. The predictions can be
checked for the cells filled with either cryogenic [8] or con-
ventional (pure water) [9, 10] electrolytes with high inter-
nal resistance.

It becomes evident, that the relaxation process Q; (t) - Q,,
is not finished around the times Ty [OF T5 > Tyjaw:
where T, is from (9)]. According to Fig. 2 and their special
representation (for clarity) by Figs. 3 and 4, the processes
in the “1” zones correspond to the force approximation.
But the relaxation process does not decay at long times of
the “1” zones, moving to the “2” zones with the characte-
ristic time 1,7, > Ty, Tpaxw- 1 NE reasons for this transforma-
tion indicating a significant contribution of the diffusion com-
ponent of flows to the relaxation process are discussed below.
One of the disadvantages of the force interpretation of re-
laxation process is the simplified concept of the structure of
the accumulation layers ny. These two-dimensional for-
mations retain the structure of 3-functions along the edge of
the cell at all stages of the relaxation process, what was used
calculating (6) [10, 11]. In fact, the layers must have a finite
thickness of the order of the Debye length A, for a given
conducting medium. It seems that the force simplification
makes sense in any case in the presence of the inequality
Lp < d, where d is the distance between the capacitor elec-
trodes. This consideration makes sense in electrostatics, but
it is qualitatively incorrect for an expression for the current
density containing the derivatives dn, /dx=0. To avoid
these divergences, it is necessary to use the “electrochemi-
cal” approximation instead of the “force” one.

According to the electrochemical approach [10, 11, 15]

lel™ j.(rt) = o3V,
ne(X) =£lefo(x)+TIn (n.), (10)
o5 =leln.g,,
where C, is the ion mobility.
t,s
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Fig. 4. A set of graphs In [1— g (t)] with formation of regimes: “1”
and “2” — at control gate V, =3.3V. The inset explains the de-
tails of the “1” zone (similar to Fig. 3). The center of the zone “2” is
oriented towards the saddle points, at which d®Q, /dt® changes
sign (the details are in the Appendix).

The smallness of the fluxes j, (t) in the ohmic mode
agrees with the finiteness of the derivatives dn, /dx =0 if
the combination Vi, tends to zero near a stationary solu-
tion arising at the end of the relaxation process. The same
property ensures the finite thickness of the accumulation
layers.

The general system of equations that determine the
properties of the electrochemical impedance Zu(w) con-
sists of the continuity equation for the current j, (r,t) and
the Poisson—-Debye equation, connecting the local values
of n,(r,t) and the electric potential o(r,t) together with
the boundary and initial conditions.

These conditions should be sufficient to formulate the
problem of electrolyte relaxation in the cell (Fig. 1) from
the initial homogeneous state to the final state correspond-
ing to the complete screening of the external perturbation
V, (t) =V,0(t) in the central part of the cell by the fields of
the formed accumulation layers.

Formulation of this problem and its detailed discussion
(mainly at the numerical level) is presented in a review
work [15], an approximate analytical solution is proposed
in [11]:

di/dt=—j/t,, jt—w®)->0, (11)

d s
rw:_e J.dsjexp{+—|e|q)°°(s’a)}d§, € :i,
@75 o T &T Dy

D, (%,8) = [0, (X) =9, (8)]-

At long times the expression @ (x,S) can be simplified by
replacing o(x,t) > ¢, (x).

The relation following from dimensional analysis [15]
and verified numerically in the region eV /T <1

Top / Tptaew ~ LT A (12)

illustrates the role of diffusion in the formation of the time
T, In comparison with ty,..,. Obviously, characteristic
times (12) emphasize the necessity to take into account the
force and diffusion components in the complex solution of
problem (10), but the time structure ., (V) (11) cannot be
suggested by the dimensional analysis.

In the calculations accompanying definitions (11), it was
noted that they were obtained in agreement with Einstein’s
rules. Expecting manifestations of the diffusion effect on
the current density, one could limit ourselves to replacing (8),
(9) by (11), leaving further formal calculations. But the con-
ductivity of electrolytes is considered a nonlinear function
of the density of mobile charges since the work of Debye,
Onsager, Kohlrausch [16-18]. This complication does not
affect the picture of evolution (6)—(9), since in structure (8)
only the formula j(0) oc (E, —4men,) is important, which
makes sense without any requirement for the properties of
conductivity as a function of density. In electrochemistry,
this part of the formalism becomes critically important.
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The force term +o|e| Ve in (10) should be a linear func-
tion of the density of mobile particles. These are Einstein’s
rules relating the coefficients of mobility and diffusion of
statistically classical charges. The discord with [16-18] is
obvious. The details of the relationship between the ZF (w)
and Zu(m) regimes take on a meaning beyond the purely
“electrolytic” subject. And the correspondence (or not) to
the observations of the details of formula (11) allows us to
speak about the fulfillment of Einstein’s rules in far from
gas conditions.

C. Let’s process the data Q; (Vo,t) [where V (t) =V,0(t)]
in Fig. 2 for comparison with the predictions (3), (9) or (8),
(11). The “i” index denotes the values of the external re-
sistances used when starting time cycles, rik <t<o. For
short periods of time in zones “1” (Figs. 3 and 4) appears
the influence of the effective capacity C, . The last stage of
the accumulation layers formation corresponds to zones “2”.

Processing Q; (V,,t) data in coordinates

(In[1-6;(®L1), & =QiVo,1)/QVp t >0) (13)

is shown in Figs. 3 and 4. In these variables the values of
In [1—q; (t)] with different external resistances R; and the
same capacitance values at short times t have the form of
a cluster of straight lines depending on the index “i” with
the origin at zero. The slope of these lines gives (as ex-
pected) an idea of the time scales t} = R,C,, where the
capacity C, is defined by formulas (9). The quality of the
estimation of these slopes depends on the observed length
of the linear segments of the function In[1—g;(t)] (the
details of this data processing are discussed in the Appen-
dix). The final results are summarized in the Table 1:

C§ < C;, ~ Cpys = 3000 pF. (14)

It is easy to see from the data in the Table 1 that the reduc-
tion general equations (2)—(8) to formula (9) does indeed
take place. The measured values of C, are close to the
passport value C,,. = 3000 pF, which is much higher than
the nominal geometric capacitance of C§.

At large times when

qi(t) = (1-Aq;), Ag; >0, InAg; —» -, (15)

the cluster of lines is gathered into a set of asymptotics:
In[1-q;(t)] = InAg; uniformly tending to the region of
small values of the logarithm [times over 50 s (Fig. 3) and
over 120 s (Fig. 4)].

The asymptotics (15) are preceded by the most im-
portant for our work zones “2” in Figs. 3 and 4 (approxi-
mately linear areas in the vicinity of 35 s in Fig. 3 and 80 s
in Fig. 4; they are marked with dashed ellipses). The times
T,, are gathered in the Table 1.

Under the conditions A < d, accumulation layers are
practically formed. The resistance of the medium is predo-
minantly diffusional, which characterizes the proximity of

the electrochemical potential to its stationary value Vp — 0.
Internal resistance begins to exceed all input values R;, and
therefore the times t', cease to depend on R; (unlike the
zone “1”). From the data of Figs. 3 and 4 one can see the
predicted by formulae (11) inequality ot / 6V, > 0.

2. Impedances 2F (o) and 2H(w) for the electrolyte
in a periodic external perturbation

The Debye—Huckel-Onsager theory [16, 17] contains

two corrections to the mobilities of Q(io) ions in an infinitely

dilute electrolyte: relaxation ¢'¢' and electrophoretic ¢,

2 0) 0)
el _ -0 € 12219 _ (Y2, -C%7)
e O L L L I , (16)
F 7T 3eTa(l+a) (z. -2.)(Q +¢9)
gloret = ¢ OR, /2. (17)

Here C;(io) is the ions Stokes mobility with the effective ra-
diuses R,. Formulae (16), (17) are taken from [18], where
the results of [16, 17] are reproduced using the correlation
properties of the ion system in a charged liquid.

Definitions (16), (17) suggest a nonlinear structure of
electrolyte conductivity o, =+ef,n, and, on this basis, a
prerequisite for violating Einstein’s rules in the argument
of Sec. 1. On the other hand, the entire electrochemical
literature, represented by the encyclopedic book [5], says
that formulae (16), (17) correspond to experimental data on
transport in dilute electrolytes. It remains to assume that
the discrepancies between the predictions [16, 17], the nu-
merous confirmations of their validity [5] and the contra-
diction of formulae (16), (17) to Einstein’s rules are of a
methodological nature. One can talk about Ohm’s law in
the form o, = +e,n, but it has to be measured correctly.

As noted in the Introduction, the dc possibilities for
transport measurements in dilute electrolytes disappear.
The ac methods taking into account (16), (17) correspond
to the force interpretation of the impedance Z (w). In fact,
all impedance circuits provide information about the elec-
trochemical impedance Z,(w), for which the diffusion
component is important, as shown above for the step dis-
turbance example. It remains to verify this for the case
Z,,(w) with periodic perturbation.

A. The case of periodic external perturbation
V, (t) =V, exp (iot) corresponds to the operation mode of
the above mentioned standard devices [6, 7] for measuring
the ohmic resistance of liquid conductors. Within the frame-
work of approximation (5), in the force approximation for
2F (@) in the region eV, < T we have

ioc = o«[oy—0], o« =4ncy, oy =Ey/4n,
(io+0.)0(0) = 00y, (@) = —220 _ (18)
(io+ )

The oscillating density o(m) has a familiar relaxation dis-
persion. Its processing in terms of
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w?c, W«

peaE Imo(w) =—
2 ©? + o?

03 23

Reo(w) =

(19)

suggests the existence of a relaxation maximum at the fre-
quency o=+ It follows from the requirement
0 Imo(w)/om=0.

The equation of motion of a free charged particle in
an alternating field is

M (@ﬂj = eE, exp (iot), (20)
d =

formally similar to (18), where M is the effective mass of
the charged particle, e is its charge, T is the appropriate
relaxation time. But the constants included here differ in
meaning.

Naturally, solutions (18), (20) are used in different are-
as of physics. The equation of motion (20) is, for example,
the fundamental one in the description of the details of a
one-particle Brownian motion [19]. On its basis, there is a
method for determining the effective mass including the
temperature dependence of the effective mass of cations (po-
sitive ions) in liquid helium [20]. This phenomena, contain-
ing in the interpretation [21, 22] Stokes’ predictions made
a century ago (see [23], § 20), was experimentally discovered
only when studying the dynamic properties of helium ions.

B. Simplifications (replacing j(x,t) — j(t) [11]) in the
derivation of formula (11) can be avoided in the case of
eV, < T by writing the solution of Eq. (10) with respect to
n, (x, j,) in a more general form:

n, (% j.) =1’ exp[+e—"’j+
-
X .
+ [exp [+M} iLsbds, (1)
T 5 T

Dd(x,s,t, ) =[o(x,t, )—o(s,t, j)], 0<x<+d.

Taking into account (21) in the limit ep < T for the density
differences 6n = (n, —n_), we find

ep 1(1 1)¢%

Sn~2n? 22y = —+—J_[j+(s,t)ds,
T TG )y (22)
n?=n j, =j

In the general definition (21), all exponentials are expanded
in terms of the small parameter e < T, in the difference
dn=(n, —n_) the terms linear in this parameter are pre-
served. Substituting (22) into the three-dimensional conti-
nuity equation n, +div j, =0 leads to an inhomogeneous
parabolic equation with respect to the function y(x,t):

ol 11 1) o] 2y
a{zniT +T[C++ij(x,t)} 52

j.(d,) =0,

(23)

y(xt) = [ f.(s,)ds
0

with inhomogeneity « d¢ /ot and two boundary conditions:
oddness of the function y(x,t) and dy(x = +d,t)/dx =0,
corresponding to no current flowing through the bounda-
ries x=+d. To solve the problem self-consistently, its
analysis should be continued, complementing (23) with the
solution of the Poisson equation taking into account (22).
This problem again reduces to a second-order differential
equation with constant coefficients linking [as in (23)] the
functions y(x,t) and ¢(x,t). General recommendations for
solving a system of differential equations are to proceed
from an existing pair of second-order equations to one
fourth-order equation (see, e.g., [24]). The question of ful-
filling the necessary boundary conditions when following [24]
remains and is rather complicated. In our case, it is more
convenient to keep the system of two equations.

Assuming all functions to be oscillating o« exp (iot) and

jjt(s,t) ds = y(x,t) = Z y, (t)sin [%xj
0 ' (24)
([l
(x,t) = (t)sin ("—x)
¢ Z‘ o >4
dy(%, )/ Besg =0, 1=1,2,3,.; (1) = ¢y (@) exp (ioot)

we get for y, (o)

[zm oeo(®), 1 [Q Cij Y, (w)} = (nl 1)y, (),

T

or

2ion%e?p () /T
io/D+(nl/d)?’

D= i (25)

Y (o) = (D.+D)

Here the Fourier components ¢, (®) have still to be deter-
mined. Poisson’s equation with on (22) has the form

N goAmef 1 1
¥ +y(x,t), § = [C+ +C_j y(x,t), (26)
A2 = el Sez 7 P 1) = —p(-x.1), @(xd,t) =V, (t). (27)

Here y(x,t) is from (24), (25).
The solution (26), (27) formally has the structure

(X ©) = oy sinh (x/k)+%fsinh [2(x—s)/2]§(s.1) ds,
0

(28)
where the coefficient ¢, is arbitrary and can be obtained
from the second of the boundary conditions (27):

666 Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 7



Electrochemical impedance in ac diagnostics of weakly conducting media

d
o sinh (d /) +%J'sinh [2(d —5)/ A]¥(s,t)ds =V (t). (29)
0

Finally, to estimate the coefficients of ¢, (®), we have to
use the Fourier transform for the function o(xt) (24):

d
1 ) X
o () = £ o(x, o)sin (2l +1)—OI dx . (30)

Here o(x, ®) is from (28), y(x,t) is from (26), y(x,t) is from
(24), y [0, ¢, (m)] is from (25). Equation (30) looks like non-
uniform integral equation respectively coefficients ¢, (®).

The partial solution (21)-(30) of the problem of the
electrolytic capacitor behavior with variable voltage
Vq (t) =V exp (iot) on its metal plates [Eq. (30) is not
solved], allows to see the qualitative difference in the self-
consistent solution details of this problem and the approx-
imation applied in [16, 17]. Scenario (21)—(30) shows that
what happens in the capacitor volume depends on the po-
tential difference at the control electrodes. The fluxes
J+ (x,t) (10) in the electrolyte volume, the charge densities
n, (x,t) and the self-consistently calculated screening fields
are spatially inhomogeneous near the capacitor edges, es-
pecially in the limit d > . The homogeneous part of the
problem, which occupies the middle part of the capacitor,
practically does not participate in the transport, being
screened from external influence by the fields of the accu-
mulating layers. For the formalism [16, 17] without self-
consistent consideration of the external perturbation with
the final formulae (16), (17) the homogeneity of the exter-
nal field leading to the electrolyte ions motion is essential.
The transport field is homogeneous in the force scenario of
ionic relaxation (18), (19), but this approximation is not
consistent with the data in Figs. 3 and 4, where it can be
seen that it does not describe the case of dilute electrolytes.

The agreement of the experimental data [5] with predic-
tions [16, 17] cannot be a serious argument in favor of the
force scenario of transport phenomena in electrolytes [for-
mulas (16), (17) do not fit with Einstein’s rules]. In the
electrochemical formalism, the question of how to extract
mobility data (diffusion coefficients) from impedance mea-
surements remains open [the possibility (19) disappears].
To get the answer, it is necessary to solve for the beginning
the integral equation (30).

3. Discussion of the results and conclusion

The impedance formalism allows one to formulate relax-
ation equations for Q(t) in two cases: either “force” (3)—(9)
for Qg (t), or Q,(t) (10), (11) for electrochemical one.
The effective “force” relaxation time (9) turns out to be
much shorter than the corresponding electrochemical one
T,, from (11). The experimental data (Figs. 3 and 4) con-
firm these predictions. Comparison of the times 1, for
Vo =1.2 and 3.3 V suggests that the dependence of t,, on V,
has an electrochemical character.

The conductivity of electrolytes is a nonlinear function
of the mobile charges density. This complication does not
affect the reasoning (5)—(9) of the force approach, since in
their structure only the condition j(0) oc (E, —4men,) (6)
is important, but turns out to be unacceptable in the case of
the electrochemical approach [details around formulae
(10), (11)].

The force component ™ = +5V¢ is also present in
the electrochemical determination of the current density,
and its properties must remain identical in both scenarios.
However, in the electrochemical approach, this contribu-
tion must be linear with respect to the density of mobile
charges. This follows from Einstein’s rules relating the
mobility and diffusion coefficient of statistically classical
charges. The disagreement with [16-18] is obvious. The
details of the transition between the Z (w) and Z,, (o) re-
gimes are beyond the scope of electrolyte theory and veri-
fication of the information contained in formula (11)
serves as a criterion for the existence of Einstein’s rules.
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Appendix

Definition of the function dQ, (t)/ dt slope
in the time zones “1”, “2” (Fig. 3)

The graphs in Fig. 5 show the standard deviations o
(a logarithmic scale) of the function Q,, (t) as a function of
time for the measurements Figs. 3 and 4 with the control
gate Vy; =1.2 V. The slope of the plots In (1-0;)(t) (nu-
merical differentiation) was determined by a least-squares
method with a window of n = 20 measurement points slid-
ing in time. For each point j a set of measurement points
[j=n/2; j+n/2] was created, for which the linear regres-
sion coefficients and the standard deviation ¢ were calcu-
lated. The points where the standard deviation of ¢ is min-
imal are taken as the middle of linear sections. The
minimum values of ¢ (deviation from the linear mode) are
observed in the region of < 10 s (zone “1”), the next mini-
mum is in the region of 30-40 s (zone “2”).

0.1

0.01

N L I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100
t,s

Fig. 5. The standard deviations c (a logarithmic scale) of the func-
tion Q,(t) as a function of time for the measurements Fig. 3.
Minima are observed in the region of < 10 s (zone “1”) and in the
region of 3040 s (zone “2”).

EnekTpoxiMmiyHuin imnegaHc B ac-giarHocTuui
cnabonpoBigHUX cUCTEM

I. Chikina, B. Timofeev, V. Shikin

IMnesaHcHa &C-JIarHOCTHKA PEryJISIPHO 3aIy4aeThesl 1O J0-
CJIi[PKEHHSI TPAQHCIIOPTHUX SIBHII B IPOBIJHUX CEPEIOBHIIAX Pi3-
HOI MipHOCTI. 3arajpHOI0 IPUYMHOIO, SIKA 3MYILIYE BIABATHCS 0O
aC-yCKJIaJHEHb Ha TJIi MOPIBHAHO HPOCTHX METOJUYHHX MOMKIIH-
BocTell B dc-pexumi, € OakaHHs BUKIIOYUTH BIUIMB Ha BOJIBT-
amrepHi (l1-V) XapakTepHCTHKM KOHTaKTHHX SBHII, IO CYIIPO-
BOUKYIOTH dc-BuMiproBaHHs. Y AEIKUX BHIanKax (20-eIexTpoHn
Haj renieM) dc TpaHCHOPTHI BUMIPIOBAaHHS € NPHUHIUIIOBO He-
MOXJIMBHMHU. Y cl1aboseroBaHuX HaIiBIPOBiIHUKAX (po30aBiie-
HUX EJICKTPOJIITaX) CUTYalliss MEHII KPUTHYHA, aje MmpobiiemMHn 3
OMIYHICTIO KOHTaKTiB 30epirarotecs. AHaii3 jaetaneil iMrenanc-
HOTO (opMaii3My, IO BH3HAYAE PEAKI[I0 NPOBIJHOTO Cepero-
BHIIIA HA 30BHILIHE 30ypeHHs, y 3HAYHIM Mipi 3aJIeKUTh Bif HopMu
3akoHy OMa JUIsl IIPOBiTHUKA, IO BIPOBAIKYETHCS B iMIICIAHC-
HHU JaHIor. SIKIIO € miAcTaBu Ul HOro BU3HAYCHHS (hOPMYIIOI0
j=oE, ne j, o, E BiamoBigaroTs JOKaIbHUM 3HAYECHHSIM TYCTH-
HM CTPYMY, HPOBIIHOCTI i TPaHCIOPTHOTO E€IEKTPUYHOTO MO,
CTPYKTYpa KOMIIJIEKCHOTO OIOpY 2F () BBaXKAETHCS CHIIOBOIO.
ITpu nasiBHOCTI B 3akoHi OMa audysiiiHoi ckiamoBoi, MOBa ize
PO eNEeKTPOXIMIYHUH iMIIenaHC Zu (®). V nawiit po6oti Ha mpo-
CTOMY NPHUKJIAJi — CTaHJAPTHHII €ICKTPOTITHYHHUI KOHICHCATOP
y nocnigoBHoMy RC JIaHITIOKKY P CTYIIHYaTOMY HaBaHTaXEH-
HI — OOrOBOPIOIOTHCS MOXKJIMBOCTI OMHCY CIIOCTEpPEKYBaHUX
edexTiB i3 3aydeHHIM z (@) a6A0 Zu (®). TMopiBHAHHS 3 eKcITe-
PHMEHTOM CBil4UTh Ha KOPHCTH Z,, (0).

Kiro4oBi ciioBa: TpPaHCIIOPTHI SIBUINA, T'YCTHHA CTPYMY, IIPO-
BIZIHICTB, CJICKTPOXIMIYHMI MOTEHIliaN, 3aKOH
Owma.
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