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Abstract

The effect of the growth atmosphere and the type of deposited current conductive coatings on the impedance/ad-
mittance of La,Ta  Ga, O,, lanthanum-gallium tantalate has been revealed. The lanthanum-gallium tantalate single
crystals have been grown in argon and argon with admixture of oxygen gas atmospheres. Current conductive coatings
of iridium, gold with a titanium sublayer, and silver with a chromium sublayer have been deposited onto the single
crystals. The tests have been carried out taking into account the polarity of the specimens. The temperature and fre-
quency dependences of the admittance of lanthanum-gallium tantalate have been measured in an alternating electric
field at frequencies in the 5 Hz to 500 kHz range and temperatures from 20 to 450 °C. The specimens with gold current
conductive coating have the lowest admittance. Analysis of the temperature and frequency functions of the dielectric
permeability has shown the absence of any frequency dependence in the entire test range.

Equivalent electric circuits have been constructed. Graphic-analytic and numeric analysis of the equivalent electric
circuits of the electrode/langatate/electrode cells has shown that the admittance of the metal/langatate/metal cells is
controlled by the electrochemical processes at the electrode/electrolyte/electrode interface. The absolute values of the
impedance components depend on the langatate growth conditions and the type of the electrodes. Our measurements
suggest that the material of the current conductive coating has a greater effect on the absolute values of the measured
parameters than the growth atmosphere.
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1. Introduction

La,Ga, Ta O, (LGT) lanthanum-gallium tantalite per-  sensors of control and monitoring systems based on direct
tains to the calcium-gallium germanate group crystals of  piezoelectric effect. Lanthanum-gallium tantalate finds
the langasite family which are used in mobile communi-  applications in piezoelectric devices. LGT single crystals
cation system devices, pressure sensors and piezoelectric  have high piezoelectric moduli [1, 2] that are not affec-

© 2019 National University of Science and Technology MISIS. This is an open access article distributed under the terms of the Creative Commons Attribution
License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.


mailto:zabev@mail.ru
https://doi.org/10.3897/j.moem.5.2.47082
https://doi.org/10.3897/j.moem.5.2.47082

42 Ilya M. Anfimov et al.: Impedance spectroscopy study of lanthanum-gallium

ted by temperature drift. This material is distinguished by
the absence of phase transitions up to the melting point
(1510 °C) [3-5] and the presence of crystallographic
orientations with a zero temperature coefficient of elastic
oscillation frequency [6, 7].

Lanthanum-gallium tantalate single crystals are grown
using the Czochralski method [1, 3, 4]. One of the most
serious technological problems is the choice of the growth
atmosphere [8—11]. The most common practice of lant-
hanum-gallium tantalate growth is the use of an argon
gas atmosphere with an oxygen addition. The presence
of oxygen in the crystal growth atmosphere is required
for the prevention of gallium suboxide evaporation which
further leads to a deviation from the stoichiometric com-
position, i.e., gallium evaporation.

Lanthanum-gallium tantalate single crystals grown in
different atmospheres differ in color: those grown in an
argon atmosphere are almost colorless while those grown
in an argon with admixture of oxygen atmosphere have
a bright orange color. This is caused by the presence of
point defects and their complexes in form of color centers
which can be revealed using optical methods, e.g. optical
spectroscopy [8, 12, 13].

The application of langatate crystals for the fabrica-
tion of high-temperature pressure sensors requires syn-
thesizing these crystals with an electrical conductivity of
~10° Ohm™ - cm™ at ~400 °C [1]. The electrical conducti-
vity of langatate crystals is controlled by the presence and
concentration of point defects. The growth atmosphere in-
fluences the concentration of point defects and hence the
carrier concentration. The technology of high-temperatu-
re piezoelectric devices uses the polar cuts of the crystals
with current conductive coatings deposited.

The polar cut of the La,Ga, /Ta O, crystals, even with
symmetrical (similar) electrodes, is an electrochemical
cell. The anisotropy of the opposite sides of the crystal
polar cuts causes an anisotropy of the near-electrode pro-
cesses resulting in an acceleration of the overall chemical
reactions subject to the possibility of electron passage via
an external circuit, i.e., in case of a short circuit. The gra-
dients of the electrochemical potentials and the tempera-
ture field in this electrochemical cell produce an EMF and
hence short circuit currents. The phenomena of EMF and
short circuit currents were first observed and studied in
detail in a-LilO, crystals [14, 15]. For other crystals these
phenomena were observed and described in [16, 17].

These phenomena have an important practical aspect
since the short circuit currents caused by the near-elec-
trode processes may make a substantial contribution to
the overall electrical response yielded from the working
surface of the piezoelectric sensor. It was reported [18,
19] that the material of the current conductive coatings
has a significant effect on the electrophysical parameters
of the langatate crystals.

The deposition of current conductive metallic coatings
leads to surface degradation due to the electrochemical
processes [14] which in turn shortens the service life of
the devices, especially at high temperatures.

Therefore studying the electrophysical parameters of
the langatate crystals as a function of temperature for
different growth conditions, further investigation into
the mechanism of interaction between the current con-
ductive coating and the langatate crystal surface and
choice of current conductive coating materials are of
great practical importance.

2. Materials and methods

The lanthanum-gallium tantalate single crystals were
grown and the specimens were prepared by Fomos Ma-
terials JSC. The single crystals were Cz grown on Kiris-
tall-3M units in iridium crucibles in argon with admixture
of oxygen (Ar + (2%) O,) and argon (Ar) gas atmosphe-
res. The crystals were cut into specimens in the form of
flat-parallel plates with the working surfaces perpendicu-
lar to a 2™ order symmetry axis (polar cuts) and having
the thickness d ~1.5 mm and an area of ~50 mm?”. The
specimens were not polarized before the experiments.
The following current conductive coatings were deposi-
ted onto the specimen surfaces by magnetron sputtering:
iridium (Ir), gold (Au), gold with a titanium sublayer
(Au(Ti)) and silver with a chromium sublayer (Ag(Cr)).

The specimens were studied in the certified test labo-
ratory Single Crystals and Stock on their Base (National
University of Science and Technology MISiS) using cer-
tified methods.

The full complex resistance (impedance) of the spe-
cimens was measured using the three-electrode method.
The temperature and frequency functions of the elec-
trophysical parameters of the specimens in an alternating
electric field were measured in the 5 Hz to 500 kHz range
on a complex for measuring the electrophysical parame-
ters of high-resistivity crystals the metering unit of which
was a Tesla BM 507 impedance meter allowing for impe-
dance measurements from 1 Ohm to 10 MOhm and phase
angle measurements from 0 to 90 arc deg. The effective
bias voltage was varied automatically from 3 mV to 3 V
depending on the measurement range. The frequency de-
pendences were recorded in the 20450 °C range.

The specimens were placed in a thermal chamber be-
tween two symmetrical (made from the same material)
clamping electrodes taking into account the polarity of
the specimens which was determined using a piezometer
under uniaxial compression.

The specimens were heated in the thermal chamber by
increasing temperature with 50 °C steps.

The impedance (Z, Ohm) and the phase angle (¢, arc
deg) were measured in an alternating electric field. The re-
sultant Z and ¢ were further used for calculating the total
complex conductivity (the admittance, o) and the relative
dielectric permeability (€) using the following formulas:
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ments showed for all the specimens that their admittance
values at 5 Hz in an alternating electric field are 5 orders
of magnitude higher than the electrical conductivity in a
constant electric field obtained earlier [19] for specimens
of the same type. In an alternating electric field with the
frequency ranging from 5 Hz to 500 kHz the admittance
increased by 3 orders of magnitude in the 20450 °C ran-
ge (Figs 1 and 2). The specimens with iridium electrodes
cut from the langatate crystal grown in an Ar gas atmosp-
here do not exhibit any temperature dependence of the
admittance up to 350 °C (Fig. 2), with tangible admittan-
ce changes starting only at 450 °C with increasing tem-
perature for the entire experimental frequency range. For
the crystals grown in an Ar + (2%) O, atmosphere, there
are no temperature dependence of the admittance in the
whole 20—450 °C range (Figs 1 and 2). However, accor-
ding to the electrical conductivity vs temperature depen-
dence for similar specimens recorded earlier in a constant
electric field [19], the electrical conductivity increases by
6-8 orders of magnitude in the same 20450 °C range.
Study of the temperature and frequency dependences of
the admittance for the specimens grown in an Ar +(2%) O,
atmosphere showed that the specific admittance of the spe-
cimens depends on the electrode material (Fig. 1). The lo-
west admittance was observed for the specimens with gold
coatings: their 6_is by 30 and 20% lower compared with the
specimens having silver or iridium electrodes, respectively.
The temperature dependences of the specific admit-
tance for the langatate specimens grown in different at-
mospheres and having gold and iridium current conduc-
tive coatings suggest that the growth atmosphere affects
the variation pattern of this parameter (Fig. 2). It should
be noted that the effect of the current conductive coating
material is greater than that of the growth atmosphere.
Study of the temperature and frequency dependences
of the relative dielectric permeability (g, /) for the po-
lar cut specimens with gold, silver and iridium electrodes
did not reveal any frequency dependence of the dielectric
permeability in the entire experimental frequency range.
The dielectric permeability of the specimens does not
depend on temperature up to 400 °C and starts to exhibit
temperature dependence at above 450 °C. The relative
dielectric permeability was found to depend significant-
ly on the growth atmosphere and the electrode material.
Table 1 shows experimental data on the temperature and

Figure 1. Temperature and frequency dependences of the ad-
mittance for the specimens grown in an Ar + (2%) O, atmo-
sphere with (/) gold, (2) silver and (3) iridium electrodes.
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Figure 2. Temperature and frequency dependences of the ad-
mittance for the specimens grown in (/, 3) Ar and (2) Ar + (2%)
O, atmospheres with iridium electrodes: (/) 7'= 20,350 °C; (2)
20-450 °C; (3) 450 °C.

Table 1. Dielectric permeability ¢, at different langatate speci-
men temperatures in 5 Hz to 500 kHz frequency range.

Atmosphere Electrode material Dielectric permeability

20-400 °C 450 °C
Ar Ir 342 43+3
Ar+(2 %)0, Ir 43+3 49+3
Ar+(2 %)0, Au 35+2 39+3

frequency dependences of the relative dielectric permea-
bility for specimens grown in different atmospheres but
having similar iridium electrodes. Furthermore, € /¢ are
shown for specimens grown in the same Ar + (2 %) O,
atmosphere but having different electrodes. The hig-
hest dielectric permeability was observed in the crystals
grown in an Ar + (2 %)O, atmosphere with iridium cur-
rent conductive coatings.

Thus the electrode material has a significant effect on
the dielectric permeability of the specimens. Our expe-
rimental €, are slightly higher compared with literary
data. For example, € , = 26.22 [20] was obtained at 1 kHz
(crystal growth atmosphere N, with oxygen addition, cur-
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rent conductive coating material not specified) and ¢, =
19.62 was obtained at up to 100 kHz (crystal grown by
Fomos Materials JSC, growth atmosphere Ar with oxy-
gen addition, current conductive coating Pt/Rh/ZrO,).
This data scatter can be attributed to the differences in the
experimental conditions (different frequency ranges), in
the crystal growth conditions and in the current conduc-
tive coating materials.

Study of the electrophysical properties of langatates
showed that the crystals interacted most strongly with
gold contacts. X-ray phase analysis of the polar cut surfa-
ces showed that the degradation of the gold coating was
the most intense on the surface corresponding to the ne-
gative piezoelectric charge. This effect was less pronoun-
ced for the specimens with iridium and silver electrodes.

3.2 Construction of equivalent circuits

The most illustrative method of analyzing impedance and
admittance measurement results is the construction of a
hodograph, i.e., a line in a complex plane described by
the free end of the impedance vector with a change in
frequency. The shape of the hodograph allows judgment
about the equivalent circuit of the process in question and
hence about the process itself.

Analysis of the impedance hodographs (Z" = f(Z"))
presented in Fig. 3 for the test langatate electrochemical
cells grown in different atmospheres and having different
current conducting coatings suggests that the properties
of these electrochemical cells cannot be described by a
trivial equivalent circuit for dielectric crystals which
contains parallel-connected double layer capacity C, and
electrolyte bulk resistance R .

More complex equivalent circuits are required in order
to describe the systems in which the electrodes are at least
partially non-blocking. A frequency-controlled diffusion
layer forms in the near-electrode space when the system
is exposed to alternating current. The oxidation-reducti-
on reactions on the electrode surfaces are caused by the
diffusion supply and removal of ions to (from) the solid
electrolyte bulk (the langatate crystal). Warburg diffusion
impedance emerges in this case

(Zy == )W /o),
which includes serial-connected resistance
(Ry = WF/ \/6 5

where W, is the Warburg constant and o is the frequency)
and capacity

(Cy =1/ Ww))

which are frequency dependent [22]. We therefore ana-
lyzed several equivalent circuits for the electrode / solid
electrolyte / electrode system, i.e., the Ershler-Randels
and Frumkin-Melik-Gaikazyan ones.

The Ershler-Randels equivalent circuit allows for the
presence of electrochemical oxidation-reduction reacti-
ons between active ions without specific adsorption of
reaction products and charging of the double layer with
indifferent ions [21, 22]. The impedance of this reaction
can be represented as the impedance of a circuit consis-
ting of serial-connected active resistance R, describing
the charge transfer and Warburg impedance Z,, characte-
rizing the diffusion process. The equivalent circuit has the
form presented in Fig. 4.

The Ershler-Randels equivalent circuit is described by
the following equation [23, 24]:

-1
Z =R +Z,=R + jcoCd+; )
R.+Z,

where Z_is the impedance of the electrode/electrolyte/
electrode system (cell), R is the active electrolyte re-
sistance, Z | is the impedance of the electrochemical reac-
tions, j is the complex unit, C, is the capacity of the dou-
ble layer and R, is the charge transfer resistance which
describes the kinetics of the electrochemical reaction the
rate of which is completely controlled by the time of elec-
tron attachment or detachment by the electrochemically
active particles.

The Ershler-Randels equivalent circuit is not the only
possible method of describing the processes taking place
in solid electrolyte electrochemical cells. This circuit does
not take into account the specific adsorption of the elec-
trochemical reaction products. The problem of impedance
with allowance for the adsorption processes was first sol-
ved by the authors of an earlier work [23]. It should be no-
ted that in another work referred to above [18], X-ray pha-
se analysis was used for the characterization of the phase
composition of the specimen surfaces, e.g. the formation
of new different phases on the opposite surfaces of the po-
lar cuts which partially results from the adsorption proces-
ses occurring in the near-electrode layers of the specimens
with electrodes and making the principal contribution to
the resistance of metal/langatate/metal structures. This
makes it reasonable to consider the Frumkin-Melik-Gai-
kazyan equivalent circuit [24, 25]. This circuit is shown in
Fig. 5 and describes the electrochemical reactions with al-
lowance for the adsorption of the electrochemical reaction
products in electrode / solid electrolyte / electrode systems.
The impedance for this circuit is described as follows:

~1

! . @
R +Zy+1/(joC")

Z, =R +| joCy+

where R’ is the resistance characterizing the proper time
of the elementary adsorption/desorption cycle, C'is the
additional capacity of the double layer associated with the
adsorption of the surfactant particles and C| is part of the
double layer capacity caused by indifferent ions.

Based on the experimental results obtained by impedan-
ce spectroscopy we determined the components of the com-
plex resistance Z for the abovementioned equivalent circuits



Modern Electronic Materials 5(2): 41-49

45

d
1 L

1 1
0,5 1,0 1,5 2,0 2,5
Z, (106 Ohm-m)

Figure 3. Impedance hodographs for the test langatate electrochemical cells grown in different atmospheres and having different
current conducting coatings: (a) Ar + (2%) O,, Au ((/) T = 20 °C; (2) 50; (3) 100; () 150; (5) 200; (6) 250; (7) 300; (8) 350; (9)
4005 (10) 450); (b) Ar + O,, Ir (1) T=20 °C; (2) 100; (3) 150; (4) 200; (5) 250; (6) 300; (7) 350; () 400; (9) 450); (c) Ar, Au(Ti)
(1) T=20°C; (2) 50; (3) 100; (4) 150; (5) 2005 (6) 230; (7) 400; (8) 450); (d) Ar, Ir ((1) T=20 °C; (2) 50; (3) 100; (4) 150; (5) 200;

(6) 250; (7) 300; (8) 350; (9) 400).

Zy
Figure 4. Ershler-Randels equivalent circuit [24, 25].
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Figure 5. Frumkin-Melik-Gaikazyan equivalent circuit [24, 25].

for all the specimens using an analytical method. The basic
principle of the analytical method used is the construction
of sets of equations (5)—(12) to include the experimentally
measured parameters (o, |Z] and ¢) and coefficients com-
posed of the electrochemical impedance components [24].

For analysis of the Ershler-Randels equivalent circuit
and the equation describing this circuit we will introduce
the following notations [24]:

1
—=x (5)
JO
Then
l_j 0.5, .2 -1, .3 1+j -1.5
X=—=0 X =—jo ;X =—F=0 7,
2 2
1—
=0 x =- JOJ_ZS,
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Equation (4) can be rewritten as follows [24]:

7 Vax +ax* +2ax+a, ’ 6)
‘ b2x2+\/§blx+b0
where a, = RR.C; a —R WCs;a, =R, +R a,=W;
b, RFCd,b W.C; b2

Alternatively, the 1mpedance of the cell can be written
in the following form [24, 25]:
Z =7 —jZr, (7

where Z = Z sing and Z = Z cos¢.
Substituting the result into Eq. (6) and equalizing the real

and imaginary components we obtain two equations with
six variables [24]:

ay,+aw —aw " -b(Z,-Z )0 -
~bZ,=Z,o" (®)
alofo'5 +a20)71 +a30071‘5 -
-0 (2,+2,)0 " —byZ, =Z, 05" (9)

We take three frequency values and the respective Z and
Z and as a result obtain a system of six linear equations
with six variables a, a,, a,, a,, b, and b . Solving the set
of equations we obtain the parameters of the equivalent
circuit from the following equations:

-1
_q, a R -1
R.=-L; Cy=||-21|-|=|| ;RCy=(aC
e bO d |:(bOJ (b0]:| d ((D d)

RWy =a3;Cy =(WFx/6)7l

Ry =a, -

/4
Ry =—=
" o
For the Frumkin-Melik-Gaikazyan equivalent circuit the
full impedance of the system is written as follows [24]:

a,x* +\2ax* +a,x* +2ax+a,

Z = )
¢ b,x* +bxN2 +b, 1o
where
a = R’Recd ‘a = WR.C, ;a, =R +L'
Tiale) )T )
W () |
a, = —3a, = o1
1+¢,(C) 1+C,(C')
= R’Cdyil; b= WCd,,l;b2=1§
1+¢,(C) 1+¢,(C)

Separating the terms with real and imaginary coefficients
we obtain two linear equations with seven variables [24]:

1.5 -2

05 -
atao T —a0 T —a,0 " —

-b(Z,+Z)o ™ -bZ,=-Zw" (11

-5
a0 +a,0" +aw " -

—bl(Za+ZV) bz =Z0" (12)
The coefficients a, and b, can be found by constructing a
set of eight equations with seven variables. Solution of
that set of equations allows determining the parameters of
the equivalent circuit from the following equations [24]:

R =%.C

e85
Ry =(0G,) 3R = [ () +(c)]
= (oC)”

By way of example we present the results of Z component
calculation using the Ershler-Randels equivalent circuit
(Table 2) and the Frumkin-Melik-Gaikazyan equivalent
circuit (Table 3) for the Au/langatate/Au electrochemical
circuit (growth atmosphere Ar + (2 %) O,).

The effect of the impedance components in the equiva-
lent circuits is determined by analyzing the experimental
results using three criteria:

C =a, -Cy3 R,

—if R >>R',thenZ =R + R,

where R* = R, + R, for the Ershler-Randels equivalent
circuit or R* = R'+ R, + R, for the Frumkin-Melik-Gai-
kazyan equivalent circuit;

—if R <<R',thenZ =R +R_;

—if R =R* thenZ =R + (R R'/R  +R").

Analysis of the impedance components showed that the
impedance of the electrochemical cells considered is main-
ly controlled by the processes occurring in the near-elec-
trode regions. At room temperature the resistance of the
electrolyte itself R is by 2-4 orders of magnitude lower
than the resmtance of the near-electrode regions (R, R
Ry, and R ). It is only at high frequencies (about 500 kHz)
and temperatures (above 450 °C) that the resistances of
the near-electrode reactions and the electrolyte R become
comparable and the properties of the electrolyte itself start
to show. A similar impedance dependence is observed in
the Au/langatate/Au solid electrolyte cells (growth at-
mosphere Ar) and the Ir/langatate/Ir solid electrolyte cells
(growth atmosphere Ar + (2 %) O,).

At room temperature the impedance of the Ag/langa-
tate/Ag and Ir/langatate/Ir cells (growth atmosphere Ar
+ (2 %) O,) depends most significantly on the resistan-
ce of the double layer. Whereas for the Ershler-Randels
equivalent circuit the difference between the double lay-
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Table 2. Parameters of the Ershler-Randels equivalent circuit for the Au/langatate/Au electrochemical circuit (growth atmosphere

Ar+(2 %) O,).
o Z,10° Ohm R, 10° C,10™" R, 10° R, 10° W, 10" R, C,»
Hz Experimental Calculated Ohm x m F/m? Ohm x m Ohm x m Ohm xm x  Ohm xm F/m?
s—l/l
At20°C
2500 60 60 1 0.7 60 70 50 1 x 108 4 %1012
100 000 1 1 1 2 %107 6101
500 000 0.3 0.3 0.3 8 x 10° 3x108
At 450 °C
2500 20 20 2 1 40 3 0.4 8 x10° 5x101°
100 000 1 1 1 1 x10° 8x 10!
500 000 0.2 0.2 0.2 5% 10* 4x10™"

Table 3. Parameters of the Frumkin-Melik-Gaikazyan equivalent circuit for the Au/langatate/Au electrochemical circuit (growth

atmosphere Ar + (2 %) O,).

[0} Z,10° Ohm R, 10° C,10" R_,10° R, 10° W, 10" R, C»
Hz Experimental Calculated Ohm x m F/m? Ohm xm Ohm xm Ohm x m x s> Ohm xm F/m’
At20°C
2500 60 60 3 6 6% 10° 50 1 x108 30 10
100 000 1 2 2x10° 3 x10° 5 2
250 000 0.5 0.7 6% 104 1 x10° 3 1
500 000 0.3 0.3 3 %104 6 x10° 2 1
At 450 °C
2500 20 50 50 3 1 x 107 0.4 9x10° 4 90
100 000 1 7 3x10° 2 x10* 0.7 10
250 000 0.5 3 1 x10° 9x10° 0.4 9
500 000 0.2 1 7 10* 5% 10° 0.3 6

er resistance R, and the impedance caused by the elec-
trochemical reactions (R, + R,,) is 1-2 orders of mag-
nitude, for the Frumkin-Melik-Gaikazyan equivalent
circuit the difference between R and (R + R, + R.)
is 2-3 orders of magnitude. Another impedance depen-
dence is observed for the Ir/langatate/Ir cells (growth
atmosphere Ar): at room temperature Z_ for the Frum-
kin-Melik-Gaikazyan equivalent circuit is controlled by
the adsorption/desorption electrochemical processes (R’
R, and R_), while for the Ershler-Randels equivalent
circuit Z_is controlled by R ; with an increase in tem-
perature (same as for the Ag/langatate/Ag cell (growth
atmosphere Ar + (2 %) O,)) the double layer charging
resistance makes the largest contribution.

These results suggest that the impedance of the Ir/
langatate/Ir, Au/langatate/Au  (growth atmosphere
Ar + (2 %) O,) and the Aw/langatate/Au (growth atmosp-
here Ar) cells is largely controlled by the double layer
resistance (at temperatures of about 20 °C) and the re-
sistance caused by the electrochemical reactions at the
electrode/electrolyte/electrode interface (at high tempe-
ratures). On the contrary, the impedance of the Ag/lan-
gatate/Ag cell (growth atmosphere Ar + (2 %) O,) and
the Ir/langatate/Ir (langatate growth atmosphere Ar) cell
is controlled by the double layer resistance in the entire
experimental temperature range. The highest resistance
R, was observed for the Ir/langatate/Ir cell and the lowest
one, for the Au/langatate/Au cell. Thus, there is a clear de-
pendence of the impedance/admittance of the metal/lan-
gatate/metal systems both on the material of the current

conductive coating and on the measurement temperature
and frequency.

Analysis of our calculation results does not suggest de-
finitively that preference should be given to either of the
two equivalent circuits since the contribution of the ob-
served adsorption processes to the impedance of the cells
is very small.

It is assumed that langatate contains two types of ions:

— indifferent carriers which participate in the charge trans-
fer via the electrolyte and control its bulk resistance
but do not take part in the electrochemical reactions
occurring at the electrode/electrolyte boundary;

— active ions which participate in the electrochemical
reactions.

In accordance with the earlier reported defect forma-
tion model for langatate crystals [12, 13], the main types
of defects in these crystals are oxygen and gallium vacan-
cies and their complexes. Studies of the electrophysical
properties of the crystals [18, 19], e.g. the phenomenon
of current degradation in time, suggest the predominant
ionic mechanism of the electrical conductivity which is
in a good agreement with earlier literary data [26, 27].
Although different langatate crystal electrical conductivi-
ty models are currently available, the authors of all the
referred works have concluded that the low-temperature
electrical conductivity occurs predominantly by impuri-
ties or electrons whereas the high-temperature electrical
conductivity is predominantly ionic.
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Thus, oxygen and gallium vacancies are indifferent
carriers which participate in the charge transfer via the
solid electrolyte and control its bulk resistance. In this
case the basic electrical neutrality equation is written in
the following form:

WS +3V5 =0.

When an electric field is applied the oxygen vacancies
rush toward the negatively charged electrode (cathode)
resulting in an excess of oxygen ions at the positive elec-
trode (anode), whereas gallium vacancies rush toward the
anode causing an excess of gallium ions at the cathode. It
seems that the oxygen and gallium ions are those active
particles which participate in the near-electrode electro-
chemical reactions.

Expectably, at least one form of electrochemically ac-
tive matter (oxygen or gallium ions) or both of them enter
into reaction and are adsorbed at the electrode in the form
of electrochemical reaction products. Since the same par-
ticles participate in the Faraday process and in the double
layer charging, one cannot clearly distinguish between the
charging current and the Faraday current. These processes
end up interrelated, and one can in fact judge about a sin-
gle electrochemical process which results in the change
of the electrode surface state and in the occurrence of the
oxidation-reduction reactions.

The model suggested here is based on the assumpti-
on that the charging of the double electric layer, i.e., the
accumulation or deficiency of indifferent ions at the elec-
trode/electrolyte interface, should be accompanied by
redistribution of electrochemically active ions. If this is
true, this redistribution will show itself in the impedance
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