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Pure barium and strontium titanate as well as donor (La)- and acceptor (Mn, Fe, Cr)-doped materials
were investigated as both ceramics and single crystals. Alternating current and direct current methods
using reversible and potarization celis, as well as concentration cells, were applied. The electronic and
ionic conductivities, the dielectric constant, and the phase boundary parameters were measured as
functions of temperature (700°C) and of oxygen partial pressure (10'-10° Pa). An ionic contribution via
internal surfaces was found in BaTiO; samples. The effective diffusion coefficients of ceramic (10-8
¢m? sec™! at 600—650°C) and single crystalline (10-° cm? sec ™! at 630-660°C) BaTiO; were determined.
The formulae presented allow the evaluation of the experiments even for the case of defects with

variable charges. © 1985 Academic Press, Inc.

Introduction

The defect reactions in the perovskites
MTiO; (M = Sr, Ba) have been investigated
by many authors (I—) in order to study
basic problems of solid-state chemistry as
well as to improve the material properties
for special technical purposes. These inves-
tigations were performed in the high tem-
perature range (=900°C), which is important
for the manufacturing process. The conduc-
tance behavior could be satisfactorily inter-
preted in terms of Sr and Ba vacancies (Vy,

Vi, Vi) and with oxygen vacancies (Vp,
Vo, Vo) as dominant ionic point defects
(11). Because of its surroundings and its
high valence, the Ti** ion is fixed in a deep
potential minimum, so that the existence of
Ti lattice defects is improbable. Interstitial
defects in the perovskite lattice can be ex-
cluded for geometrical reasons. The con-
ductance and valence band states can be
attributed to the 3d orbitals of Ti and the 2p
orbitals of O, respectively (15, 16). Thus,
the conductance electrons (e’) correspond
to Ti3* and the defect electrons (k') to O™.

0022-4596/85 $3.00
Copyright © 1985 by Academic Press, Inc.
All rights of reproduction in any form reserved.



2 MAIER, SCHWITZGEBEL, AND HAGEMANN

Little attention has been paid to the ionic
conductivity of the titanates. Whereas at
high temperatures the conductance has
been well explained as purely electronic, an
almost purely ionic conductance has been
found in ceramic BaTiO; at 250°C by means
of concentration cell measurements (17). In
SrTiO; a predominantly ionic conductance
at low temperatures is assumed in order to
interpret the electrocoloration effect of
transition metal-doped samples (18-20).

The aim of the present work is a consis-
tent analysis of the results, which can be
obtained by electrochemical measurements
in the temperature range from 500 to 700°C.
Besides the establishment of the conduc-
tance behavior and the defect model, the
analysis comprises the effective diffusion
coefficient and the electric phase boundary
parameters. Several independent electro-
chemical techniques were applied, partially
for the first time on these semiconductors
(polarization measurements, concentration
cell experiments, impedance techniques,
and dc measurements at different time reso-
lutions). Single crystalline and ceramic ma-
terials were compared for two reasons:

(i) The time for reaching equilibrium with
the gas atmosphere often exceeds the mea-
suring times in the case of single crystals,
but it decreases strongly in the case of poly-
crystalline substances with small grain
sizes.

(ii) The influence of grain boundaries on
the conductivity merits special observa-
tion.

Experimental

The BaTiO; single crystal was made from
a TiO,-excess melt (1300-1400°C, air) using
the Czochralski method.! The starting ma-
terials were BaTiO; obtained from the ther-
mal decomposition of Ba titanyloxalate
! We are indebted to Dr. Albers (Technical Physics,

University of Saarbriicken, West Germany), who had
produced the crystal (14, 21).

(Selectipur, Merck) and TiO, (Optipur,
Merck). The well-grown colorless crystal
had a Curie point of 131°C.

The pure and doped SrTiO; single crys-
tals were purchased from Titanium Pigment
Div./NL Industries (South Amboy, N.Y.).
According to the manufacturer the crystals
were prepared using the Verneuil method
(H,-0, (excess) firing at 2100°C) and tem-
pered 15 hr in air at 1500°C. The purity of
these crystals was high and the concentra-
tion of the impurity elements influencing
the properties under consideration was
small (1-25 ug/g SrTiOs) (14).

For the preparation’ of the pure and
doped ceramic samples, BaCO;, SrCO;
(Selectipur, Merck), rutile (Kronos R 1053,
Deutsche Titangesellschaft), and the do-
pants MnCO;, Fe,0;, Cr,0;, or La,0; were
mixed in calculated amounts, pulverized in
agate mortars, and submitted to reaction
sintering (1150°C). The pulverized materi-
als were pressed and sintered again
(1350°C) in O,. The Fe-doped SrTiO;
was first sintered 4 hr at 1470°C in a wet N,
atmosphere containing 5% H, in N, and
then 4 hr in O, at 1200°C (I4). Some of the
samples (see Table I) contain a small ex-
cess of TiO,, which facilitates the sinter-
ing process by giving rise to small quanti-
ties of a TiO,rich melt and by provid-
ing dense and hard materials. In BaTiO;
the TiO, excess forms a Ti-rich phase
BagTi,704 localized in the grain boundaries
(22), whereas in SrTiO; a TiO,-richer phase
does not exist, so that TiO; is deposited in
the grain boundaries. The impurity concen-
trations in the ceramic materials are given
in (I14), and are found to be lower than in
the starting substances.

In Table I the materials are specified with
respect to exact stoichiometry, grain size,
and density.

Sample disks (diameter 1 cm; thickness 1

2 Philips Research Laboratories, D-5100 Aachen,
West Germany.
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TABLE 1
PROPERTIES OF THE SAMPLES

Grain diameter Density

Designation Composition (pum) (gcm™)
S.C.BaTiO; BaTiLmOgh «© 6.02
cer. BaTiO; BaTi 095034, 20-40 5.67
Cer.Cr—BaTiO; Ba.(’ri()p”(:r()_()1)03.4.,t 10 5.85
cer.Fe-BaTiO; Ba(Tig g9sFe.01)03+« 10 5.99
cer.Mn—BaTiO; Ba(TiMnoAm5)03+, 10 5.99
s.¢.SrTiO, SrTiO;,, o 5.11
cer.SrTiO; SrTi; 0050241 20-40 4.81
S.C.La—SrTi03 (Srq]‘9991_18.0,()()1)’-.[&034.,t X 5.11
Cer.La—SrTi03 (Sro'ggsLao.oos)Til_oo503+, 20-40 4.80
S.C. Mn—SrTiO; Sr(Tio,gggMﬂo,m])03+X x 5.11
cer.Mn-SrTiO; Sr(TiMng 005) O35 20-40 4.95
s.c.Fe~SrTiO; Sr(Tig 9977F€0,0023)O03+ L 5.11
cer.Fe-SrTiO; Sr(TiFeg 005)Os4« 30-70 4.99

Note. s.c., single crystal; cer., ceramic.

mm) were cut from the sintered pellets and
polished. With the exception of ceramic
BaTiO;, Cr-BaTiO;, and SrTiO; samples
(see Fig. la) the porosity of the ceramic
samples, for which Fig. 1b is representa-
tive, was very low (see Table I). The elec-
trodes (diameter 5 mm) on the samples
((001) planes of the single crystals) and on
the disks of CaO-doped ZrO, (Friedrich-
sfeld) were prepared using stoved Ag var-
nish. This was shown in comparison experi-
ments to be just as suitable as sputtered Pt
23).

The apparatus, the electrical equipment,
and the execution of the measurements
have been described elsewhere (24).

Measurements and Evaluation

In order to observe ohmic and charge
transfer overvoltages, dc polarization was
performed by applying a constant current
to the cell:

(Cell 1) Ag, Ox(PY)|MTiO;|0AP?), Ag.

After having reached the steady state, the
circuit was opened and the voltage decay

was recorded as the polarization had been
previously. In the same manner the concen-
tration polarization of BaTiO; between
electron blocking electrodes ZrO, (CaO)
was examined in the cell:

(Cell 2) Ag,
02(P°)|Zr02|BaTi03|Zr02|02(P°), Ag

The total polarization voltage may be di-
vided into

U(t) = Uglt) + 2Up(?)

+ Us(t) + Ug(n). (1)

In the above Ug represents the ohmic polar-
ization of the electrodes: Ug = IpRg (1 —
exp(—t/rg)); the polarization current is
given by Iy = ip X (electrode area); 7 = Rg
X Cg; Rg is the electrode resistance; Cg is
the electrode capacitance. The second term
in (1) represents the transfer and boundary
overvoltages: = Up=IpZRp(1 —exp(—t/1p));
7p = Rp X Cp; Rp is the transfer resistance;
Cp is the phase boundary capacitance. The
third term represents the ohmic polariza-
tion of the sample: U, = IpR(1 — exp(—t/
7); 7 = R X C; R is the sample resistance;
C is the sample capacitance. The last term
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FIG. 1. Metallografic photos of etched (aqueous HCI-HF mixture) surfaces of BaTi; 503+, (a) and of BaTiMng gsOs+, (b).
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F16. 2. Equivalent circuit of the electrochemical
cells. Electrode (Rp, Cp) and diffusion phenomena
(Cy) are taken into account. The insertion of further
phases (ZrQ,) is indicated (...).

in (1), Us@1), represents the concentration
polarization.

The simple manner, in which Eq. (1)
takes into account the charge-transfer po-
larization with simultaneous concentration
polarization holds only for small transfer
impedances (23).

At longer times t > 74/2 ® g, ™p, T, the
Fourier series of Uy is represented by its
first terms (23-25).

U(@t) = Ip(Rg + Rp + R)
+ A[l = B/7exp(—tiry)] (2)

with

a(e) + o(0)

(08

A=
oL ©)
2 (6] 2s(0
#(0) + o1(0) + [";((e)) :Uf((o))]"

and
F2
s(0) = RT [D(Vo)c(Vo) + D(O)c(O)].  (4)

Here o (k) is the specific conductivity of k;
o1(0) = o(Vo) + o(0)); ale) = ole) +
o(h’); D(k) represent the individual diffu-
sion coefficient of k; and L is the thickness
of the sample.

In the steady state (¢t — «) Eq. (2) simpli-
fies to

V=Db{Rge+Rp+R)+A )

and the decay of the polarized state, the
depolarization, obeys
U= IPRE exp("t/TE) + IPERD

exp(—t/mp) + IpR exp(—1t/7)

+ A(8/7?) exp(—t/try) (6)
if U4(?) is represented by the long-term ex-
pression specified in Refs. (23-25). In the
steady state R(O) may be determined from
the equivalent circuit (Fig. 2), which repre-
sents the case where s(0), o(0) <€ a(0O).
Under these conditions the relaxation time

of the concentration polarization 74 is given
by

74 = [Re + R(0)ICy (7
Generally
14 = LY(w2D¥) 8

is related to the effective diffusion coeffi-
cient D*, defined by

ac(0)* _ D Fc(0)*
at ax?

where c(O)* is the positive deviation of the
O component from the ‘‘concentration of
order’’ (25)

c(0)* = c(0) + c(0i) + c(0)

= (Vo) = (Vo) = c(Vo). (10)

In the above c(k) represents the molar con-
centration of k.

It has been shown (23, 25), that in the
case of immobile metal defects, D* is given
by

1
D* = 3F? {20/(0) + 45(0) + [a(e)

du(02)
dc(0)*

where w(0,) is the chemical potential of
0,. D* may be determined from polariza-
tion experiments by the plot In|U(f) — U()|
vs ¢, which, at long times, yields a straight
line, the absolute slope of which is 1/74 (see
Eqgs. (2) and (5)).

— 1(0)][a(0) + 01(0))/a}

an
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Fi1G. 3. Complex impedance (Z', Z") and complex
reciprocal capacitance (B', B") of SrTiO, (single crys-
tal) in cell 1 (P(O,) = 20 kPa).

The corresponding expressions for the
different impedances may be obtained from
the dc voltage by a Laplace transform as
shown in (26).

In the case of impedance measurements
at 100 Hz-10 kHz, and during short-term
polarization or depolarization, the concen-
tration polarization is negligible and the
equivalent circuit transforms to a series of
two parallel R-C links, the elements of
which (R, C, Rp = Rp; + Rpz, Cp =

BaTi0;(ceramic)
electrode area-1
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FIG. 4. Specific conductance (o), dielectric constant
(£), and phase boundary parameters (Rp, Cp) as func-
tions of temperature.

CD|C02/(CD| + C])z)) can be obtained by fit-
ting the frequency dependence of the com-
plex impedance or by plotting the circle dia-
grams of the complex impedance and the
reciprocal complex capacitance as detailed
in Refs. (23-24) (see Fig. 3).

All samples were investigated (350°-
700°C; 10-10° Pa) in concentration cells,
where the emf (E) is established as
_a(0) + o4(0) RTl P!
LY
which corresponds to two different partial
pressures (P®, P') on the two sides of cell
(1. Equation (12) includes the conductivity
contribution of the singly charged O defects
and thus represents a generalization of the
usual emf formula for concentration cells.

E (12)

The Phase Boundary Parameters, Ry, and
Cp, the Specific Conductivity, and the
Dielectric Constant: Results

The Rp~Cyp term has its origin mainly in
the phase boundaries. This can be con-
cluded from the fact that no particular dif-
ferences in the parameters Rp and Cp of
ceramic and single crystalline specimens
were found, apart from La-SrTiO,; (23).
The temperature dependence of all sam-
ples, for which the curves of ceramic
BaTiO; are given as examples in Fig. 4, is
very similar to that found for PbO (24). The
sharp rise of Cp with temperature up to spe-
cific values of 1-50 pF/cm? at 600°C is
caused by a decrease in the Debye length,
which reflects the increasing defect concen-
trations. The initial rise of Rp is caused by
the same effect: the increasing charge con-
centration enlarges the transfer activation
barrier; but this effect is finally overcome
by the thermal energy, so that beyond its
maximum Ry, falls exponentially (24). This
influence of the electrodes on the two-point
measurements on BaTiO, and SrTiQ;, first
documented in (23), has been recently con-
firmed by Stumpe et al. (28). With Pt as an
electrode material the specific values of Rp
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F1G. 5. Pressure dependence of the BaTiO;—materi-
als:

A s.c.BaTiO, 600°C
@ cer.BaTiO; 600°C
© cer.Fe-BaTiO; 595°C
® cer.Cr-BaTiO; 582°C
A s.c.BaTiO; 500°C
O cer.BaTiO; 500°C

@ cer.Mn-BaTiO; 601°C

were higher. The pressure dependences of
Cp and Ry, are consistent with the interpre-
tation of their T dependence (23).

The role of charged defects in the phase
boundary is confirmed by the striking be-
havior of the donator-doped sample La-
SrTiO; where, due to the reduction of [V ]
and [#'], Cp and Ry, are also diminished
(23).

The Curie points, taken from the ¢
curves, were independently confirmed by
DTA: For single-crystal BaTiO;, T¢ =
131°C; for the ceramic specimens one ob-
tains values of 121°C for BaTiOs, 117°C for
Cr-BaTiO,, 94°C for Fe-BaTiO,, and
116°C for Mn-BaTiO;. With the exception
of La-SrTiO; the single crystals obey
Curie—Weiss laws in the paraelectric phase.
The constants are, for BaTiOs;, 1.0 X 10° K;
for SrTiOs, 0.9 x 10° K; for Mn-SrTiO;,
1.1 x 10° K; for Fe-SrTiOs, 0.85 x 10° K.
The Curie-Weiss temperatures of BaTiOs
(387 K) and SrTiO; (35 K) are in agreement
with the literature (29-30).

The Electric Conductivity in Function of
Temperature and O, Pressure : Results

The specific conductivity o is determined
by the doping and by the preparation condi-

tions. Complete results have been given
elsewhere (23, 27); here, apart from Fig. 4,
only the relative order of the o values of the
different samples between 20 and 400°C is
reported. These can be correlated with mi-
crostructural and doping properties and
with the preparation conditions. One finds
that (cer.SrTiO;~) s.c.BaTiO; ~ cer.Mn-
BaTiO; ~ cer.Cr—BaTiO; < cer.BaTiO; <
cer.Fe-BaTiO;; cer.La-SrTiO; < cer.Sr
TiO; < cer.Mn-SrTiO; ~ s.c.Mn-SrTiO;
~ 5.¢.8rTiO; < cer.Fe-SrTiO; ~ s.c.Fe—
SrTiO; < s.c.La-SrTiO;. The pressure de-
pendence of o is shown in the plots log o vs
log P (Figs. 5 and 6). The slopes of the
graphs are % for s.c.BaTiO;, cer.Fe-Ba-
TiO;, and all strontium titanate samples,
both ceramic and single crystalline. The
slopes are lower for cer.BaTiO; (0.15 at
600°C; 0.10 at 500°C), cer.Mn—BaTiO; (0.14
at 600°C), and cer.Cr—BaTiO; (0.05 at
600°C).

The Results of the Concentration Cell
Experiments

Cell experiments were performed on all
samples over the temperature range 350-

e
/

1

[¥7)

(X

log (o/pSem™!) ——

-y

log{P/kPa)

F1G. 6. Pressure dependence of the SrTiO; materi-

als:

5.C.SrTiO; 585°C
s.c.Fe-SrTiO; 568°C
s.c.Mn-SrTiO; 565°C
cer.SrTiO, 602°C
cer.Fe-SrTiO; 558°C
cer.Mn-SrTiO; 605°C
cer.La-SrTiO; 600°C

CRONCHON 1NN |
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700°C and over the partial pressure range of
10'-10° Pa O,. With the exception of the
ceramic samples BaTiO; and Cr-BaTiOs,
no ionic transport could be detected.
Within the accuracy of the measurements
this means that

o(ion)
a

=< f(ion)*

t(ion) =

_ o(ion) + o(ion) <%

Four different samples of the same
cer.BaTiO; specimen showed mean r val-
ues ranging from 4 to 10%, with very low
reproducibility (23). Nevertheless, the oc-
currence of ionic transport of this magni-
tude was confirmed by exchanging and
equalizing the partial pressures P! and P°.

Ionic conductivity increased with P(O,)
in all cases. In some circumstances, espe-
cially with cer.BaTiO;, a significant decay
with rising temperature was observed.

The results obtained with BaTiO; are
consistent with those of Glower and Heck-
man (13), who for a BaTiO; ceramic of the
same porosity reported that r(ion) = 85-
100% (250°C, 1-20 kPa O,) and #(ion) = 7%
(550°C, 1-20 kPa 0O,); for s.c.BaTiO; no
ionic transport was detected. The same
held for s.c.Fe-BaTiO;.

In this work no reliable measurements at
BaTiO; could be made at temperatures
lower than 400°C. The success of Glower
and Heckman’s experiments at 250°C—
which they checked by exchanging the par-
tial pressures—can be explained on the ba-
sis of a higher exchange current density at
this temperature (cf. the temperature pro-
file of Rp in Fig. 4).

Discussion of the Conductance Results
Pure and Acceptor (Mn, Fe) Single
Crystals

In the pressure range under consider-
ation the conductance is the p type (13), as

follows from the P dependence of the
purely non-ionic conductivity. It can be
supposed (/1) that O and M vacancies, pre-
dominantly in the oxidized form, V¢ and
Vs or VY, and the ionized doping ions Ar;
(A = Mn, Cr, Fe) are the major ionic de-
fects. On neglecting valence change pro-
cesses of the defects, the left-hand side of
the electroneutrality equation

[ATi] + [Vl + 2[V'M] = 2[Vo ] + [A]
(13)

may be regarded as constant, and two ex-
treme cases must then be distinguished:
(1) [A'T > [Vo]. In this case the conduc-
tivity (o = o(h")) does not depend on P.
(ii) [A']1 < [V o] const. Here, the variation
in [Vo] according to

Vo +10,(g) = Op + 2k (14)

is of the same magnitude as the change in
(7], and hence is negligible. The mass
action law leads to the result 4 log o/ log P
= 4. This slope was confirmed experimen-
tally. Thus, fully ionized oxygen vacancies,
not holes, must be regarded as the mobile
majority charge carriers.

Pure and Acceptor (Mn, Fe, Cr)-Doped
Ceramics

BaTiO; ceramics. The experimental
results suggest a conductance contribution
via internal surfaces. As an approximation
we assume an ideally high internal surface
density, so that the surface particles (e.g.,
Os) can be formally treated as special crys-
tal defects being in equilibrium with bulk
defects, according to

Oo + Vo= Of + Vg (15)

The s sites can be assumed to be in equilib-
rium with the ‘‘grain-boundary phase’’ dis-
cussed in what follows. If charge-transfer
processes are neglected, the following
charge balance can be formulated:

2[Vo] — 2[06) + [A'] = const; (16)



CONDUCTIVITY AND DIFFUSION IN SrTiO; AND BaTiQC; 9

the emf for the concentration cell now
reads
_o(Vp) + o(O) RT P!

—In —

E o 4F = PO’

(17)
This assumption of ionic transport via inter-
nal surfaces is in accordance with all exper-
imental observations (for further arguments
see Concentration Polarization of BaTiO,).

(i) The concentration cell measurements
fit very well the temperature profile of the
results of Glower and Heckmann. The neg-
ative temperature coefficient of the ionic
transport number is consistent with the low
activation energy of surface processes (in
contrast to bulk vacancies). Moreover any
influence of the small amount of a grain
boundary phase, which is present, can be
excluded (see below).

(ii) The ionic conductance increases with
P; this can be interpreted according to the
reaction

30, + V=0 + 2h (18)

if [4'] is not negligible in Eq. (18), which is
independently confirmed by the partial
pressure coefficient of the total conductiv-
ity.

(iii) According to N = 9 log Za; = Zt;0 log
o; the ionic contribution is negligible to a
first approximation at temperatures not
lower than 500°C (cf. Fig. 5), as can also be
seen from the fact that the slope at fixed
temperatures was the same for different
values of f(ion). The values for N for
cer.BaTiO;, cer.Cr-BaTiOs;, and cer.Mn-
BaTiO; samples are smaller than 4, which
corresponds to a significant 2 concentra-
tion. This is consistent with the supposition
of an ionic conductivity mechanism via in-
ternal surfaces because a Vo-bulk mecha-
nism would require improbably high mobili-
ties for the bulk defects V¢ . This argument
is independent of the manner in which the
O% species is taken into account.

(iv) Values of E > 0 were only found with
cer.BaTiO; and Cr—BaTiO; samples of the

greatest porosity (5%) (see Fig. 1), i.e., of
the greatest internal surface; possibly the
ionic transport occurs via pore surfaces
rather than grain boundaries. Oxygen sur-
face states of BaTiO; have been discussed
in the literature (16, 31). The nonporous
cer.Mn-BaTiO;, which is comparable to
cer.Cr-BaTiOs (14) in its doping effects, as
well as s.c.BaTiO; show no ionic transport.

(v) This mechanism can explain the strik-
ing nonreproducibility. A significant trans-
port of neutral oxygen via open pores
would not produce an emf but would still
lower the measured voltage with respect to
E. This effect could be partially responsible
for the poor reproducibility.

The decrease in slope N for BT with de-
creasing temperature (Fig. 5) is consistent
with an increasing ratio [A')/[Vo] (D),
which is realized because of the activation
energies of these defects. This interpreta-
tion supports the assumption of exclusively
ionic conduction via internal surfaces at
low temperatures (17) (cf. (i)). At high tem-
peratures it immediately leads to a slope of
1, which has been measured by other au-
thors (/1) and which is in accord with the
expected activation energies. At high tem-
peratures the condition of electroneutrality
becomes [V] = const; thus, Hardtl’s ex-
planation of the observed slope of $(Vg,
and 4" as the major defects and both mo-
bile) seems to be questionable. The forma-
tion of vacancies by the Schottky reaction

My +00=MO+ Vy+ Vs (19

undoubtedly reaches equilibrium in the
range of the sintering temperature. In the
case of BaTiO; the intermediate BaO
probably reacts to form a Ba-rich phase
Ba,TiOq, or, in the presence of TiO, excess
(see above) (22) the reaction

BagTi;704 + 11BaO = 17BaTiO; (20)

may occur. In the case of single crystals
grown from the TiO,-rich melt (see above)
high vacancy concentrations can be ex-
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pected, so that for s.c.BaTiO; the slope §
should be encountered ([k'] < [Vo)). In
cer.Fe—-BaTiO; the doping metal Fe is pre-
dominantly trivalent—in contrast to Cr and
Mn—and the high value of Fef; guarantees
a purely ionic disorder, resulting in a slope
of 1. At the same time, in both series,
BaTiO; and SrTiO,, Fe doping results in
the greatest conductivity increase (see
above). .

SrTiO; ceramics. Since no Ti-rich phase
exists in the system SrO-TiO,, vacancies
in the ceramic SrTiO; samples probably
form by reaction with TiO, excess or with
impurities; in the single crystals SrO may
even evaporate (/7). In both cases the dis-
order is purely ionic ([Vg] > [A']), but the
ionic transport number of the ceramics lies
below the measuring limit (a(h’) > o(Vo)).
As shown by concentration cell experi-
ments, surface defects O; do not form in
contrast to the BaTiO; ceramics. Insulating
TiO, even reduces the conductivity of the
polycrystalline specimen, compared with
the single crystal, whereas in BaTiO; the
situation is reversed. This effect does not
appear in the donor materials (see Table I):
o(cer) ~ o(s.c.) for Fe and Mn-SrTiO;.

Donor (La)-Doped Strontium Titanate

With its valence state (5d'6s?) and its
ionic radius (r = 187 pm) La may occupy Sr
sites (r = 215 pm), as schematized by

La+ My—> Lay+e' + M. (1)

Because in BaTiO; the enthalpy of the ion-
ization Lag, = Lag, + ¢’ was found to be
very low (0.1 eV) (11), also, in SrTiO; to-
tally ionized Lag; defects may be assumed
to occur. By Eq. (21) the concentrations of
both /" and V§ (see Eq. (19)) are diminished
(14). In cer.La-SrTiO; the conductivity
drops—perhaps favored by the TiO, ex-
cess—to the lowest level observed in the
samples, but it remains p type. M vacan-
cies, moving from the grain boundaries to
the bulk, determine the rate of establish-

ment of the defect equilibria. Thus, the
grain size in La-doped BaTiO; has been
found to be the effective diffusion length
(13). The conductivity of s.c.La-SrTiO; is
therefore characterized by strong non-
equilibrium effects. A nearly constant elec-
tron concentration [e'] > [h’] and a high n
conductivity can be assumed because of the
reducing atmosphere during preparation
(see above). When samples were placed in
contact with O, the conductivity fell during
the experiments because of the formation
of low-conductance layers near the surface;
minima in the graphs of log oo = f(log P)
were observed (23). An analysis of the T
dependence of these minima yielded an ac-
tivation energy of 2.6 eV, whereas the equi-
librium value of s.¢.SrTiOs (6, 31, 32) is 3.3
eV.

The Concentration Polarization of Barium
Titanate

During the polarization experiments with
cer.BaTiO; in cell 2 high contact resistance
was observed between the ZrO, and the
sample pellets. Similar experiments with
s.c.BaTiO; were not practicable. There-
fore, cell 2 was modified by inserting a
purely ionic conducting liquid lead glass
(23) as a contact phase between doped ZrO;
and BaTiOs:

(Cell 2a) Ag, O,(P%)|ZrO,|glass (1)
Px=0
|BaTiO;|glass (1)|Zr0,|0,(P%), Ag.
Px=L

With a conductance in cell 2a of 10-100
uS the polarization experiments could be
performed. Samples of cer.BaTiO; could
also be investigated in cell 2a, because the
glass phase did not penetrate the grain
boundaries, as was confirmed by micro-
scopic and X-ray investigations. The
results for cer.BaTiO; obtained in cells 1
and 2a agreed with each other and in terms
of polarization and depolarization. The use
of the glass offers other advantages as well:
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Depolarization curves of BaTiOs
Polarization cell:
Ag,airl Zr0,Pb-glassIBaTiG4 Pb-glass | ZrQJair, Ag
(doped) (liquid) {liquid)  Idoped)
8/ i/pAem? D"0%/emis' A
single crystal (o) 631 93 30 &
ceramic (o) 607 124 ] 1

/

v
°
°

lg (U-U)/mY| ——

<

0 7 ? 3
105t/s

F1G. 7. Determination of the effective diffusion coef-
ficients of BaTiO; by nonstationary polarization.

(i) Since the liquid glass is a purely ionic
conductor no ionic polarization in ZrO; is
to be expected.

(i) The contact planes are sealed off from
the gas atmosphere, so that O, does not in-
terfere. Even the edge can be covered with
a thin glass film without providing shunts,
as was proved by conductance compari-
sons.

The polarization currents, chosen in the
range of 0.6-14 uA c¢cm~2, led to the differ-
ent pressure ratios 10 < P,_o/P,-; < 10* at
PY% = 20.5 kPa. (In the steady state P%is a
good approximation to the geometric mean
of P,y and P,_; (23, 34).) According to
Egs. (2) and (6), the graphs loglU(f) —
U()| vs t are linear for long times (Fig. 7).
For the single crystal no steady state could
be achieved, so that the stationary voltage
had to be determined by fitting the curve
from its observed section. Nevertheless,
the depolarization curve obeyed Eq. (6).
From eight measurements on ceramic sam-
ples the effective diffusion coefficient, D*,
was found to be (1-4) X 1072 cm? sec™! at
600-650°C, and six measurements on the
single crystal yielded D* = (3-5) x 107°
cm? sec™! at 630—660°C. These results agree
satisfactorily with measurements at 900—
1200°C (13), if extrapolated to 600°C (108
cm? sec~!). Obviously, no insulating grain
boundary layers were present in the sam-
ples, in contrast to the observations by
Schaffrin (35) for ceramic specimens pre-

pared in a reducing atmosphere and later
exposed to an oxygen-rich atmosphere
(34). In contrast to the interpretation by
this author, it must be concluded that in
equilibrated ceramic BaTiO; diffusion is not
hindered by the grain boundaries; his ini-
tially highly n-conducting materials (8, 12)
apparently became insulating as a conse-
quence of a higher transport via internal
surfaces (see Eq. (18)). The diffusion coeffi-
cient of the ceramic is higher than that of
the single crystal, because in the former,
grain boundaries contribute to the ionic
conductance, as will be considered later.
The ionic transference number #(O) can be
estimated by analyzing the steady-state
voltage. By taking only fully ionized de-
fects into account (i(0;) = i(Vgo) = 0), the
steady-state voltage simplifies to

V= IP(RE + ERD + R(O)) (22)

The voltage jump, which accompanies the
current switching, in the range 7¢, 7, Tp < ¢
< 19is given by Ip(Rg + ZRp + R). Because
R(O) > R, R can be neglected in consider-
ing the difference between V and the volt-
age jump; from a.c. measurements one ob-
tains with R that Q) = R/R{O). The results
for the single crystal, #(0) = (V) = 0.5%,
are poorly reproducible (A#(O) = 0.3%) be-
cause V was extrapolated (see above), but
the results are compatible with the concen-
tration cell measurements (<2%). For the
ceramic both R and R(O) involve both grain
boundary as well as bulk effects, so that
HO) = (V) + t(0O3). The results, within 1-
2% lie near the lower limit of the emf
results. To a first approximation

D*(cer.) = D*(s.c.)t(cer.)/t(s.c.) (23)

which explains the difference in D* values.
The good agreement with Eq. (11) is proba-
bly accidental, because the equality of the
terms du(0,)/dc(O)* for both materials rep-
resents a very rough approximation.

From Eq. (11) one obtains
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o) (Vo)

D*(s.c) = F~ {——G——}
duh) | 1du(Vo)
{d[h'] Zd[v;;]} (24)

and

D*(s.c.) = th)Dp(V)
+ t(Vo)De(h) (25)

where Dg(k) denotes the Fick diffusion co-
efficient of k£ which is related to the individ-
ual diffusion coefficient D(k) according to

dinak)
din K] °

here a(k) is the thermodynamic activity of
k.

At low defect concentrations, a(k) = [k]
and D(k) = Dg(k). As (Vo) <t(h’) =1, Eq.
(24) shows that the effective diffusion coeffi-
cient essentially describes the V¢ transport
(D*(s.c.) = D(Vp)). The Nernst—Einstein
equation

Dy(k) = D(k) (26)

4F?[Vo1ID(Vo) = RTa(Vo)  (27)
can be used for testing the consistency of
the interpretation of the D* value. With & =
5 X 1073 in s.c.Ba;_s[15TiO;_;®5 (36), a
very high value being consistent with the
conductivity results, the molar mass and
the density of [V 5] were calculated, and at
900 K (D* = 1078 cm? sec™!), o(Vp) = 10
1S cm™! was obtained in good agreement
with experimental values.

Finally, the equilibration time g of O de-
fects in response to changes of the O, pres-
sure is estimated. If one imposes a new
pressure Pl at x = 0 and x = L on a sample
disk (i.e., in cell 2a), which at t = 0 had
been in equilibrium under the uniform pres-
sure P9, the solution of Fick’s law (1) leads
to the simple result tg = L¥(2D*). Inserting
the values presented here, together with the
known values for cer.SrTiOs, one finds that
at 900 K for SrTiO; samples and cer.
BaTiQ; materials equilibration requires (1—

3) x 10° sec, as was observed experimen-
tally, whereas 6 X 10° sec would have been
necessary for s.c.BaTiO;, which was im-
possible to check for technical reasons.
Nevertheless, it could be shown by estimat-
ing the theoretical equilibrium conductivi-
ties (23), that the experimental slopes 9 log
o/d log P = { are reliable.

Summary

The main results of the electrochemical
investigations can be summarized as fol-
lows:

(i) The theory of applied methods has
been generalized to include defects with
variable charges.

(ii) It is shown that the electrochemical
behavior of all cells (phase boundary,
ohmic and diffusion processes) can be in-
terpreted in terms of an equivalent circuit.

(iii) The phase boundary properties could
be explained as transfer impedances, well
known in liquid electrochemistry.

(iv) All bulk conductivity data in the tem-
perature range from 400 to 700°C are con-
sistent with the defect model taking into ac-
count Vo, ', and k' as mobile carriers,
while regarding Ba and Sr vacancies, as
well as dopant defects, as immobile charge
carriers. From the temperature and pres-
sure dependence of the conductivity the
high temperature disorder types, which
were controversial in the case of BaTiO,,
were determined. The gradation of the val-
ues and their temperature and oxygen pres-
sure dependence could be explained on the
basis of the preparation conditions, the
doping effects (Fey;, Mny, Cry;, Lag,), and
the microstructure.

(v) The bulk conductance in all cases was
found to be electronic (p type for pure and
acceptor-doped materials at 10-10° Pa).
Nevertheless, in Sr titanates the disorder is
purely ionic, whereas in pure cer.BaTiO; a
mixed electronic and ionic disorder was ob-
served, the electronic part of which de-
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creases with temperature. This tendency
leads to a purely ionic disorder type at high
temperature.

(vi) The low temperature ionic conduc-
tance, which was found in cer.BaTiO;, is
caused by ionic defects (O), which are lo-
calized at inner surfaces.

(vii) The ambipolar diffusion coefficient
in this material is enhanced compared to
that of single crystals, where the partial con-
ductivity of oxygen vacancies could be de-
termined and shown to correspond to the
Nernst—Einstein relation. Whereas in pure
and acceptor-doped materials defect con-
centrations in the oxygen sublattice reach
equilibrium within 1 day (D* > 5 x 1078
cm? sec™!), the donor (La)-doped samples,
especially the single crystals, exhibited
strong nonequilibration effects.
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