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Abstract The impedance of a ZrO,-7.5 mol% Y,0;
ceramic specimen was measured using the two-probe
technique in the frequency range 20 Hz—1 MHz at room
temperature and in the temperature range 457-595 K.
The novelty of the research lies in the analysis of the
intragrain part of the impedance spectra of the ceramics
on the basis of the approach proposed in the literature
for impedance of ZrO,-Y,O; single crystals. The
method to determine a value of the intragrain direct
current electrical conductivity from an impedance spec-
trum has been developed. The frequency dependence of
the intragrain complex dielectric response was inter-
preted according to the common model used in the
literature. Frequency domains, where a power-law de-
pendence having different exponents n;=0.825-0.844
and 1,=0.571-0.592 is observed, were found. The inner
consistency of the model used is verified. Values of the
transition frequency and the relaxation frequency were
determined for the grain interiors and compared with
each other. The values of the activation energies of the
direct current conductivity, the transition frequency and
the relaxation frequency are found to be the same within
experimental uncertainty in the temperature range
457-523 K.
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Introduction

Yttria-stabilized zirconia, ZrO,—Y,0s3, is known to be an
essentially oxygen-ionic conductor at high temperatures,
well above room temperature [1, 2, 3, 4, 5]. Alternating
current (a.c.) electrical measurements and the complex
impedance or admittance representation allow the
separation of several contributions to the total direct
current (d.c.) resistance of a ceramic specimen with re-
versible electrodes, arising from the grain interior and
grain boundary resistances and the polarization resis-
tance at the electrode—electrolyte interfaces, whenever
the related time constants for the individual processes
are sufficiently different [6, 7, 8, 9, 10, 11]. Thus, the
electrical properties relevant to crystallites of ceramics
can be studied by means of the impedance method [11].

The aim of this study was to analyze the intragrain
part of an impedance spectrum of ZrO,—7.5 mol% Y,0;
ceramics at 457-595 K to find a value of the intragrain
d.c. electrical conductivity, opc, to apply a model for the
interpretation of the frequency dependence of the com-
plex dielectric response, ep(w)=—¢€(w)—je'(w), where
jj=-1. The intragrain part of an impedance spectrum of
Zr0O,-7.5 mol% Y,O5; ceramics was interpreted ac-
cording to the approach proposed by Abelard and
Baumard [12] for the impedance arising from the bulk
conduction in a ZrO,—12 mol% Y,0O; single-crystal
sample. For comparison, the complex dielectric permit-
tivity of the ceramics at room temperature, 291-298 K,
is also presented as a function of frequency.

Experimental

The ZrO,—7.5 mol% Y,0; ceramic specimen with silver electrodes
used in this investigation has already been characterized [13]. The
ceramic specimen was obtained from ZrO,-7.5 mol% Y,03 pow-
der having a specific surface area of 30 m?/g synthesized in air
plasma. The ceramic specimen has a density of 95-96% of the
theoretical value [13]. The as-prepared ceramics contained a single
crystalline phase having a face-centered fluorite-type cubic struc-
ture [3, 13, 14].
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The impedance spectra were measured using the two-probe
technique for the ceramic specimen in air in the frequency range
20 Hz-1 MHz at room temperature, 291-298 K, and in the tem-
perature range 457-595 K by means of a HP 4284A precision LCR
meter under the following measurement conditions: the measure-
ment parameters Cp, D at 291-298 K and R, X at 457-595 K, ten
frequency measurement points per decade, test signal voltage 1 V
root mean square, long integration time, averaging 16. The tem-
perature near the specimen was measured by means of a chromel—
alumel thermocouple and a V7-39 voltmeter (Minsk, Belarus). The
temperature was maintained constant within 0.25 K during the
measurements.

A high-temperature specimen holder with two silver leads each
of length 0.44 m was used for the impedance measurements at 457—
594 K. Four coaxial cables each of length 1.5 m were connected in
the four-terminal-pair configuration and were used to interconnect
the leads of the holder and terminals of the HP 4284A precision
LCR meter. The residual capacitance of the specimen holder was
found to be 0.28 pF. The impedance data measured were corrected
taking the residual capacitance into account.

At room temperature, 291-298 K, a simple specimen holder
made from textolite with two short silver leads each of length less
than 1 cm was used to interconnect the specimen and the terminals
of the HP 4284A meter with the HP 16047C test fixture.

Results and Interpretation
Impedance at room temperature

The real ¢(w)=Cp(w)/(eL) and imaginary €”(w)=
€(w)D(w) parts of the complex dielectric permittivity
were obtained as functions of the angular frequency, w,
w=2nv, where v is the frequency in hertz, from the im-
pedance data of the ZrO,-7.5 mol% Y,O3; ceramic
specimen at 291-298 K, C,(w) is the parallel capaci-
tance, D(w) is the dissipation factor, ¢, is the electric
constant, €y=_8.854 pF/m and L=S/H, where S is the
cross-sectional area and H is the specimen thickness. A
small steady decrease of €(w) by 2% from 26.2 to 25.7
and a decrease of ¢”(w) from 0.303 to 0.059 were ob-
served as v increased from 300 Hz to 1 MHz at 292 K
(Fig. 1, curve 1) before the measurement series at 457—
595 K. The values of €'(w) at 100 kHz and 1 MHz, 25.8
and 25.7, respectively, are in agreement with the value
[12] of the high-frequency dielectric permittivity
of the samples made from a single crystal
[(ZrO2)0.85(Y>03)9.12], €.c.=25+£1 at 100 kHz and room
temperature. Increased dispersion of €'(w) and increased
dielectric loss, €”(w), were observed after the measure-
ment series at 457-595 K (Fig. 1, curves 3, 4 in
comparison with curves 1, 2). A power-law dependence,
¢’(w)ecw™ !, was observed: n=0.75 (Fig. 1b, curves I,
4), n=0.81 (Fig. 1b, curve 2) in the frequency range
2-12 kHz and n=0.66 (Fig. 1b, curve 3) in the fre-
quency range 4-60 kHz.

Impedance complex plane plots at 457-595 K
A representative example of the impedance complex

plane plots, Z(w)=Re(Z)+jIlm(Z), is shown in Fig. 2.
The impedance plot can be empirically approximated by
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Fig. 1 Plots of a the real ¢(w) and b the imaginary ¢”(w) parts of
the complex dielectric permittivity as functions of the frequency @
for the ZrO,—7.5 mol% Y,0O; ceramic specimen in the sample
holder with short leads (/, 4) and in the high-temperature holder (2,
3) at room temperature 292 K (7, 2) and 298 K (3, 4) before (I, 2)
and after (3, 4) the measurement series at 457-595 K



a part of a circle passing through the origin [12, 15]. The
center of the circle is displaced below the real axis by an
angle, 0, of 15.2°. 0 was 14.1-15.7° during the heating
and cooling cycles of the whole measurement series in
the temperature range 457-595 K. The part of the circle
corresponds to polarization and intragrain conduction
in ceramics according to the literature [7, 8, 9, 10, 11].
The intersection of the circle with the real axis gives the
intragrain d.c. resistance, Rpc, of the specimen [7]. The
low-frequency, 20-40 Hz, data points in Fig. 2 form the
beginning of the second impedance arc caused by grain
boundary resistance in the ceramics [7, 8, 9, 10, 11, 13].
Two kinds of small systematic deviations of the data
points from the part of the empirical circle are present in
Fig. 2. High-frequency data points at frequencies well
above 2 kHz at 479.7 K are located above the part of
the circle (Fig. 2). This deviation is because €'(w) ap-
proaches €., at increasing frequencies [12]. Another kind
of deviations is at frequencies well below 2 kHz down to
50 Hz at 479.7 K: a local minimum of —Im(Z) (Fig. 2).
The systematic deviations of the data points from the
empirical circle mean that initially from an impedance
plot only an approximate value of Rpc can be evaluated
at the end of the first impedance arc. The way to find the
empirical circle and the value of Rpc from the intragrain
part of an impedance spectrum is proposed in the fol-
lowing section on the basis of the impedance data
analysis in accordance with the literature [12] for
yttria-stabilized zirconia single-crystal samples.

Complex dielectric response at 457-595 K

The complex dielectric response, er(w), was obtained at
457-595 K by subtracting the d.c. conductivity, opc,
opc=1/(RpcL), from the total conductivity, or(w),
or(w)=1/[Z(w)L], according to Ref. [12]: ep(w)=
[e1(w) —opc)/(jeow). The value of Rpc affects only the
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Fig. 2 Impedance plot for the ZrO,-7.5 mol% Y,0; ceramic
specimen at 479.7 K in the heating cycle. The direct current
resistance, Rpc, is found to be equal to 3.316 MQ. The circle,
whose center is identified with a cross, is depressed below the real
axis by an angle 0=15.2°
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imaginary part €”’(w), particularly, at low frequencies.
Initially €”(w) was calculated from the impedance data
taking into account the initial approximate value of
Rpe.

A log—log plot of €(w) and €”(w) as a function of the
angular frequency, w, at 479.7 K is shown in Fig. 3. The
frequency range of the intragrain conduction and po-
larization may be subdivided into two domains, below
and above the transition frequency, wrt [12], where a
power-law dependence is observed, €”(w)e<w™ !, but with
different exponents n;=0.83 and n,=0.58, respectively.
A value of Rpc was selected in order to parallel the
linear parts of the log—log plot of ¢(w) and €”(w) as a
function of w below wt as shown in Fig. 3. Thus, the
frequency dependence of er(w) below wr is made similar
to that for a [(ZrO,)g.3s—(Y203).12] single-crystal sample
[12] by means of the appropriate selection of the value of
Rpc. The distance between the parallel straight lines of
€(w) and €”’(w) for w<wt along the ordinate axis is
logg[tan(n/2)] related to their slope n; according to
the Kramers—Kronig relations as described in Ref. [12].
Indeed, the distance between €’(w) and €”(w) along the
ordinate axis is close to logjg[tan(n;7/2)], which proves
the inner consistency of the applied model with the
selected value of Rpc. For instance, at 479.7 K of the
heating cycle, logo[e”(w)/e’(w)]=-0.567 in the power-
law range of frequency w<wr and logo[tan(n;7/2)] =
—0.563. The difference between these two quantities was
within 2.3% of their values for the impedance spectra of
the heating and cooling cycles of the temperature range
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Fig. 3 Log-log plot of the real (/) and imaginary (2) parts of the
complex dielectric response of the ZrO,—7.5 mol% Y,O; ceramic
specimen at 479.7 K as a function of frequency (heating cycle).
Rpc=3.316 MQ. The values of the exponents n; and n, of the
power-law dependences are shown. The value of the transition
frequency, wr, is found in the way as depicted in the plot
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457-595 K. Such frequency dependence of er(w) corre-
sponds to the constant-phase element (CPE) [15] having
the admittance Ycpg:

Yepg = joLeger(w) = A(jw)" (1)
The CPE connected in parallel with the Rpc has the
impedance Zzarc:

Rpc
1 + RpcA(jo)"

Zzarc has an impedance complex plane plot of a
depressed circular arc having the depression angle
0=(1-n;)m/2 [15]. The exponents n; and n, were in
the ranges 0.825-0.844 and 0.571-0.592, respectively,
at the temperatures 457-595 K both in the heating and
in the cooling cycles. n; and n, were not considerably
dependent on temperature.

Z7ARC =

(2)

Temperature dependence of the real dielectric
response €'(w)

The temperature dependence of the real dielectric re-
sponse, €(w), is depicted in Fig. 4 for frequencies, v,
100 kHz-1 MHz. From room temperature to 470 K,
the real dielectric response increases slightly with
temperature at frequencies 100 kHz—1 MHz. At
temperatures from 470 to 595 K the temperature
dependence of ¢’(w) becomes steeper, particularly for
v=100 kHz. The frequency dispersion of €'(w) in the v
range 100 kHz-1 MHz increases with increasing tem-
perature.

Intragrain d.c. conductivity

The intragrain d.c. conductivity, opc=1/(RpcL), was
calculated from values of Rpc selected in the way de-

scribed previously. The temperature dependence opc is
shown in Fig. 5 as a plot of log;o(6pcT) versus 1000/ T,
where T is the absolute temperature. The conductivity is
thermally activated. The activation energy is obtained
from the slope of the plot. The activation energy is
1.104£0.003 eV in the heating cycle of the whole
temperature range studied, 457-595K, and is
1.094+£0.003 eV in the cooling cycle in the range 462—
595 K. The deviation of the activation energy value is
given in the 95% reliability interval.

Transition frequency

The temperature dependence of the transition frequency,
T, 1s shown in Fig. 6 as a plot of log;qwr versus 1000/T.
wT 1s thermally activated. The activation energy is
obtained from the slope of the plot. Values of wt were
found for the temperature range 457-523 K
corresponding to the frequency range investigated
(20 Hz—1 MHz). The activation energy values for o are
compared with those for opc and the relaxation fre-
quency, wg, in Table 1. They are found to be equal
within experimental uncertainty. wg, and the factor Kg
are defined in the following subsection.

According to Ref. [12] o can be simply related to the
jump frequency of the charge carriers in the solid elec-
trolyte. Yttria dissolved in zirconia substitutes zirconium
ions by yttrium ions, Y, in their lattice sites and forms
extrinsic oxygen vacancies, Vé‘, the concentration of
which is related to the amount of dopant, using the
Kroéger—Vink notation [12]:

Y,0; — 2Y'z + Vg + 305 (3)

Zr02—7.5 mol% Y203, 1.e. Y0.14ZI'0_3601_93, has a
cubic structure of the fluorite type [3, 14], the length of
the side of the unit cell being a=35.138x10"'" m [13].
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Fig. 5 Plot of the intragrain direct current electrical conductivity,
opc, of the ZrO,—7.5 mol% Y,05 ceramic specimen as a function
of the temperature, 7, in the log,o(epc7) versus 1000/7 system of
coordinates for the heating (/) and cooling (") cycles. The value of
the activation energy, £, =1.10 eV, is given in the plot

Then, the volume concentration of extrinsic oxygen
vacancies, N, is calculated to be
4x

N=—
a3

(4)
where x is the number of oxygen vacancies per
Y,.Zr; 5,0, . formula unit. For the ZrO,-7.5 mol%
Y,0;5 specimen, i.e. Y 14219560193, Xx=0.07. The oxy-
gen vacancies are responsible for oxygen-ion conduction
in the solid electrolyte. 6pc may be related to the self-
diffusion coefficient, D, through the Nernst—Einstein
relationship

DNg*
kgT

opC — (5)
where ¢ is the effective charge of the oxygen vacancies
and kg is the Boltzmann constant. For the oxygen va-
cancies g =2e, where e is the elementary charge. If jumps
are assumed to be random and independent of each
other, D is related to the mean square displacement of
a vacancy after a jump, (r*), and the mean residence
time, #:

’,.2
D—% (6)

Jumps of the oxygen vacancies take place on the
primitive cubic oxygen sublattice having the parameter
a/2. Only jumps to nearest- and next-nearest-neighbor-
ing sites are considered [12] along an edge and a face
diagonal of a unit cell of the primitive cubic oxygen
sublattice, respectively (i.e. along [100] and [110] direc-
tions, respectively):
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Fig. 6 Plot of the transition frequency wr (/, 1) and the relaxation
frequency wgr (2, 2°) as a function of the temperature, T, for the
heating (1, 2) and cooling (I, 2) cycles. The corresponding values
of the activation energies, E,, are given in the plot

2 a
(r >:Z(1+p110) (7)
where piig is the probability of a jump along the [110]
direction, 0 < py;9 £ 1. Combination of Egs. (4), (5), (6)
and (7) yields

2

e’x  wr

Vit = (1 + pi1o) (8)

37tha O'DcT
where v and w are the transition frequency expressed
in hertz and radians per second, respectively, wt=2nvT.
For the ZrO,-7.5 mol% Y,03 specimen the numerical
value of the first ratio on the right-hand side of Eq. (8),
e*x/(3nkga), equals 2.688x10°® (S/m)K/(rad/s). vr can
be evaluated numerically in accordance with Eq. (8) at
given temperatures from the values of opc and wr
obtained as described previously. Then, v may be
expressed as vrf = Kt(1 + pi10), where the values of the
factor Kt were found in the ranges given in Table 1. The
values of the factor Kt mean that the transition
frequency vt differs less than 3 times from the inverse of
the mean residence time.

Relaxation frequency

The relaxation frequency, wg, is defined as the angular
frequency of the applied electric field at which the ab-
solute value of the imaginary part of the impedance,
IIm(Z)|, has a maximum [10, 11, 16, 17]. The relaxation
frequency defines the relaxation time, rg = 1/wg [17]. The
mean time between two consecutive jumps of an oxygen
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Table 1 Activation energy values and values of the factors Kt and Ky

Temperature Cycle Activation energy (eV) Kt Kr
range (K)
dpc 20y WR
457-523 Heating 1.113+£0.004 1.07+£0.04 1.11+0.05 0.35-0.43 0.65-0.81
462-523 Cooling 1.098 £0.006 1.08 £0.03 1.10+0.06 0.37-0.40 0.69-0.77

vacancy is assumed in the literature [16, 17, 18] to be
approximately equal to 7g. The temperature dependence
of wg is shown in Fig. 6 as a plot of loggwr versus
1000/T. wg is thermally activated. The activation energy
is obtained from the slope of the plot. The activation
energy values for wgr are given in Table 1. They are
found to be equal within experimental uncertainty to the
activation energies for opc and wt. The ratio of wt to
wg was in the range 3.0-4.1 for the intragrain impedance
of the ZrO,—7.5 mol% Y,03 ceramics at a given tem-
perature. wr can be compared with the inverse of the
mean residence time of an oxygen vacancy in a similar
way as vt in the previous section by means of a com-
bination of Egs. (4), (5), (6) and (7):

’ 2e%x g
(03] = _—
R 3kBa GDCT

(1+ pi1o) )

The right-hand side of Eq. (9) may be expressed as
wr? = Kr(1 + p119), where the values of Kg were found
in the ranges given in Table 1. In the whole temperature
range studied, 457-595 K, the values of Kr were found
in the range 0.58-0.81.

Discussion

Comparison of the complex dielectric response
at 291-298 and 457-595 K

The values of the real part €(w) are in the range 25-28 at
291-298 K and correspond to logjee” in the range 1.40—
1.45. That means a very weak frequency dependence
of €(w) at 291-298 K in comparison to that at 457—
595 K. €(w) increases with temperature. Greater
increases of €'(w) are at lower frequencies. However,
values of logjge” increase considerably more than log;€e’
at temperature increases from 291-298 to 457-595 K.
The power-law dependence of the imaginary part
¢’(w), €’ (w)e<™ ', at room temperature, where 7 is in
the range 0.66-0.81, corresponds to values of €'(w)
related to €”(w) as €’/¢’=tan(n;n/2). However, the dis-
tance at a given frequency between the €'(w) and €'(w)
curves in the log-log plot is much greater at room
temperature than the distance required by the power-law
dependence: for n=0.66-0.81 logo(c’/e”)=0.23-0.51.
According to the model proposed by Jonscher [19] the
€(w) and €”(w) curves at room temperature may be
explained as the fast nonactivated polarization is
predominant. In contrast, at low frequencies, w, below

T in the temperature range 457-595 K where €'(w) and
€’(w) are related by the power-law dependence, the
polarization can be attributed [19] predominantly to
thermally activated hopping of charge carriers — possibly
oxygen vacancies in ZrO,-Y,03;. Thus, wt as the
frequency corresponding to the change of the polariza-
tion charge carriers contributing mainly to the real part
can be explained according to the model [19].

Appreciable differences in the frequency dependences
of the complex dielectric permittivity at room tempera-
ture (Fig. 1) before and after the measurement series at
457-595 K indicate that the electrical properties of the
system studied also depend on its previous thermal state.
A period of 20 days elapsed after the furnace had been
switched off and had cooled before the final impedance
measurements (Fig. 1, curves 3, 4) at room temperature
were made. Phenomena of this kind were reported pre-
viously [13]. They may be denoted as the “memory”ef-
fect [20]. Nevertheless, no significant differences were
observed between the data obtained from impedance
spectra of heating and cooling cycles in the temperature
range 457-595 K (Table 1, Figs. 4, 5, 6), which confirms
the thermal stability of the system studied and the re-
producibility of the results obtained in the measurement
series at 457-595 K.

Comparison of the intragrain part of an impedance
spectrum for ceramics with the literature data
for single crystals

Because the time constants for the intragrain and grain
boundary relaxation are sufficiently different for ZrO,—
Y,0;3 ceramics [6, 7, 8, 9, 10, 11, 13], it is possible to
obtain a part of an impedance spectrum characteristic to
the intragrain ZrO,—Y,O3 electrical properties. The
intragrain electrical properties are determined by the
crystalline part of ceramics; therefore, they may be
compared with the electrical properties of single crystals.

One different feature in the frequency dependence of
the imaginary part ¢”(w) for the intragrain part of an
impedance spectrum (Fig. 3) is a narrower frequency
range of the power-law dependence of €”(w),
¢’(w)<w™ !, for w < wr, in comparison with the single
crystal studied in Ref. [12]. For ZrO,-7.5 mol% Y,0;
ceramics the frequency range of the power-law depen-
dence for w < wr is approximately 0.2-0.3 units of the
logow scale, whereas for a [(ZrO,)g ss—(Y203)0.12] single
crystal this frequency range is approximately one unit of
the log ow scale [12].



Both ¢’(w) and €”’(w) deviate towards values higher
than those for the power-law dependence at low fre-
quencies o < wt (Fig. 3). The deviation in the ¢”(w) plot
starts at higher frequencies, log;ow < 3.5, than that for
€'(w), logiom <3, (Fig. 3). These deviations of €'(w) and
€”(w) from the power-law dependence can be attributed
to an effect of grain boundary polarization at low fre-
quencies. The low-frequency deviation of the data points
below the depressed circular arc (Fig. 2) corresponds to
the low-frequency deviation of ¢”(w) above the power-
law dependence for o < w (Fig. 3).

The parameters of the intragrain impedance spectra
for the ZrO,—7.5 mol% Y,03 ceramics both in the
heating and in the cooling cycles of the measurement
series are compared with those for single crystals in
Table 2. No considerable differences are found in the
values of the depression angle 0 and the exponents n,
and n, for ZrO,-Y,0; samples having different yttria
content, and obtained and studied by different
authors.

The characteristic frequencies for ionic conduction

The inverse of the mean residence time of an oxygen
vacancy is characterized in the literature as the transition
frequency vt [12] and the relaxation frequency wg [16,
17, 18]. Comparison of the frequencies vt and wgr with
the inverse of the mean residence time gives
0.35 < v < 0.8 and 0.58 < wr?f < 1.62 according to
Egs. (8) and (9), respectively, for the probability
0 < p110 £ 1. Thus, vt and wgr are comparable with the
inverse of the mean residence time of an oxygen vacancy
calculated from Egs. (4), (5), (6) and (7). The values of
Kt found for crystallites of the ZrO,-7.5 mol% Y,0;
ceramics are less than the value of Kt for a [(ZrO5)ggs—
(Y203)0.12] single crystal [12] (Table 2). The values of Kr
at 563 K calculated from the data given in Ref. [21] are
included in Table 2. They are less than the value of Kg
for grain interiors of the ZrO,—7.5 mol% Y,Oj3 ceramics
studied here.

The activation energies for wt and wg are also found
to be equal within experimental uncertainty to the ac-

485

tivation energy for opc for ZrO,-Y,O; given in the
literature [12, 16, 21] (Table 2). On the other hand, a
slightly lower activation energy for wg than for opc
was reported in Ref. [11] for the grain interior imped-
ance semicircle of ZrO,—12 mol% Y-,Os; ceramics
(Table 2).

Conclusions

1. The impedance plane plots and the frequency de-
pendence of the complex dielectric response of the
grain interiors of ZrO,—7.5 mol% Y,O3; ceramics at
457-595 K were interpreted on the basis of the ap-
proach proposed in the literature [12] for the ZrO,—
12 mol% Y,Oj; single crystal. The applicability of a
power-law dependence to the intragrain impedance of
the ZrO,—7.5 mol% Y,O3 ceramics was evaluated.
The method to determine a value of the intragrain
opc from an impedance spectrum was developed for
ceramics. The inner consistency of the model used
was verified.

2. The values of wt and wgr for the intragrain
impedance of ZrO,—7.5 mol% Y,03 ceramics were
determined in the temperature ranges 457-523 and
457-595 K, respectively. Their ratio at a given
temperature was in the range 3.0-4.1.

3. According to the model [19] the fast, nonactivated
polarization is predominant in ZrO,—7.5 mol% Y,0;
at room temperature. In contrast, the thermally ac-
tivated hopping of charge carriers, possibly oxygen
vacancies, can be assumed to be the predominant
polarization at frequencies @ below ot in the
temperature range 457-595 K.

4. vt and wgr are comparable with the inverse of the
mean residence time of an oxygen vacancy obtained
from the Nernst—FEinstein relationship assuming
jumps of oxygen vacancies to be random and
independent of each other.

5. The values of the activation energies for opc, wt and
wr are found to be equal within experimental
uncertainty in the temperature range 457-523 K.

Table 2 Comparison of parameters for ZrO,—Y,0; impedance spectra. g.i. represents the grain interior part of a spectrum for ceramics

and s.c. represents a single-crystal sample

Y,0;3 Sample Activation energy (eV) Depression Exponent ~ Exponent Kt KR Reference
content angle 0 n ny
(mol%) opC wT WR
7.5 gl 1.10-1.11 1.07-1.08 1.10-1.11 14.1-15.7° 0.825-0.844 0.571-0.592 0.35-0.43 0.58-0.81 This work
6.15 gl 1.11 - 1.11 - - - - 0.47% [21]
7 g.i. 1.12 - .12 - - - - - [16]
8.27 gl 1.15 - 1.15 - - - - 0.50* [21]
9.4 s.C. 1.16 - - ~ 11° - - - - [22]
12 s.C. 1.33 1.29 - 14° 0.85 0.64 0.6 - [12]
12 gl 1.224+0.011 — 1.100+£0.047 10-12° - - - - [11]

1At 563 K
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