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We measured the complex Young’s modulus of BaTiO;_g, (BT) Ba,Sr;_,TiO3;_s5 (BST) and
(Bag g5Cag.15)(Zrg.1 Tip.9)O3_s (BCTZ) during heating and cooling runs at various O deficiencies (which dope
electrons rendering the samples semiconducting/conducting ferroelectrics) and aging times. The elastic energy
loss has peaks due to the jumps of isolated O vacancies (V) and reorientations of pairs of Vg in the paraelectric
phase, from which the respective rates and activation energies are measured. These rates control the mechanisms
of domain clamping, pinning, fatigue, and anything related to the Vo mobility. In the ferroelectric (FE) phase,
the drop of the losses due to the domain wall motion upon introduction of Vg monitors the degree of pinning.
In addition, large shifts of T¢ are observed at the same value of 6 upon varying the permanence time in the FE
state, up to ATc = 21 K in BST, while no aging effect is found in BCTZ.

The phenomenology is explained by considering that 7¢ is depressed mainly by the mobile electrons doped
by Vo. Each isolated V dopes two electrons as itinerant Ti>* ions, but, when it forms a stable linear Vo—
Ti2*—V pair, the two electrons of the Ti2* are subtracted from the mobile ones, halving doping. The rise of T¢
during the initial aging is then explained in terms of the progressive aggregation of the V. Prolonging aging for
years leads to a decrease of T, explained assuming that the most stable position of a Vg is at 90° domain walls,
whose geometry is incompatible with the pairs. Then, after enough time the V¢ initially aggregated within the
domains dissociate to decorate the 90° walls, increasing doping and lowering T¢.

The absence of such effects in BCTZ is due to larger activation energy for pair reorientation and pair binding
energy. Then, at room temperature practically all Vg are paired and static over a time scale of hundreds of years,
explaining the superior resistance of BCTZ to fatigue.

I. INTRODUCTION

The contribution of O vacancies (V) to fatigue and in gen-
eral to the degradation of the properties of perovskite ferro-
electrics has been studying since many decades! and is far
from being fully understood. Recently it has even been pro-
posed that many observations generally ascribed to mobile Vg
on the basis of a rather loose estimation of Vg hopping bar-
rier of ~ 1 eV, are rather due to electronic mechanisms 2 espe-
cially after observing that the activation energy for the mean
time to failure of multilayer ceramic capacitors is ~ 1.6 eV,
close to a half the energy band gap of BaTiOs>. Yet, it is un-
deniable that Vg are present, especially in devices, such as
multi layer ceramic capacitors (MLCCs), having electrodes
made of oxidizable non noble metals. Such electrodes require
that the ceramics are sintered in reducing atmosphere, with a
subsequent mild oxygenation, which does not fully eliminate
the Vo2, Whatever the origin of the mobile charges, whether
associated with Vg or other defects, an increase of the electri-
cal conductivity is generally detrimental to applications based
on insulating ferroelectrics.

On the other hand, Vg are not only detrimental to the mate-
rials properties, since the traditional method for hardening the
piezoelectrics, namely reducing their losses, through domain
wall (DW) pinning is to introduce Vg by acceptor doping!.
Another possible effect of introducing acceptor-Vg pairs is
enhancing the electrostrain in piezoceramics, though the ex-
act mechanisms involved are not yet clear®, but all these effect

are greatly affected by rises in temperature, due the increased
mobility of VgZ.

It is therefore important to improve our knowledge of the
behavior of Vg in ferroelectric materials at the atomic scale:
their mobility, how they aggregate, and are trapped by dopants
and DWs. This is usually done with methods that probe the
long range diffusion, such as measuring the change of mass
or resistivity of samples during annealing in controlled atmo-
spheres, or the isotope tracer diffusion technique*. These
methods, however, reveal the overall diffusion and not the
different steps involved, especially when carried out at high
temperatures, where the aggregation of Vg into pairs and
chains!®H becomes irrelevant.

Indeed, selectively probing the different types of jumps of
Vo and measuring their concentration is not easy. An isolated
Vo has an anisotropic elastic dipole but no electric dipole;
therefore its hopping cannot be probed by dielectric but only
by anelastic spectroscopy, unless it is associated with another
charged point defect, e.g. cation vacancy, to form an electric
dipole. Also NMR relaxation can selectively probe the dif-
ferent types of jumps of Vg, but it has been used only few
times'#'13, while EPR has been used only for studying the ki-
netics of Vo trapped by acceptors'®. As a consequence, the
link between the Vo mobility and fatigue or degradation phe-
nomena in ferroelectric perovskites is generally vague, with-
out determining a detailed microscopic mechanism. Certainly
the ionic contribution of Vg to conductivity is negligible com-
pared to the polaronic and electronic ones'?, but their hopping



as reorienting elastic dipoles, as electric dipoles when paired
with a charged defect, and their migration to domain walls dif-
ferently affect the ferroelectric properties at room temperature
over time scales from minutes to months or years, even in the
absence of electric excitation.

Here we present a study of the mobility and cluster-
ing of Vo introduced by reducing treatments in BaTiO3
(BT), Ba,Sr;_,TiO3 (BST) and (Bag.$5Cao.15)(Zro.1Tio.9)O3
(BCTZ), which are found to have very different hopping rates,
depending on their aggregation state and material composi-
tion, and introduce history dependent effects on the Curie tem-
perature Tc. Novel microscopic insight is provided on how Vg
contribute to electron doping and pinning of domain walls, fi-
nally leading to aging and fatigue. In particular, it is shown
how the electron doping is strongly affected by the degree of
clustering of the V.

The Discussion is organized as follows: Sect. A is an
overview of the interpretation of the anelastic spectra, based
on previous work on SrTiO3 and BaTiOs3, and includes a sim-
plified analysis of the new spectra of BCTZ. In addition to the
peaks due to the various types of jumps of the Vg, also their
pinning of domain walls is discussed, because it will be in-
volved in the long term aging effects on 7¢. In Sect. B the
known mechanisms of enhancement of T from mobile de-
fects are shown to be inadequate to explain the presently ob-
served large shifts. In Sect. C it is described how the distribu-
tion and hopping of Vg should be affected by the formation of
tetragonal ferroelectric domains. Until now there is no exper-
imental evidence but only first-principle calculations on this
type of information. Section D explains how the pairing and
clustering of the Vo reduces the doping of mobile electrons,
resulting in the major cause of change of 7¢ upon history. The
initial rise of T¢ with the aging time is explained with the slow
kinetics for Vg aggregation within the ferroelectric domains.
Section E deals with the final decrease of 7¢ on a longer time
scale, which would result from the fact that an Vg has lower
energy when isolated at a 90° domain wall than paired within
a domain, and it takes a longer time for the paired Vg to reach
the 90° DWs.

Differently from the normal conditions found in applica-
tions, namely insulating dielectrics with electric fields applied
via electrodes, the materials studied here, with 0.3% — 1.5%
of uncompensated Vg, are conductive and with a dark color
and are studied without application of electrodes and elec-
tric fields. Nonetheless, the microscopic mechanisms of Vg
hopping, clustering, pinning and migration to domain walls
discussed here always occur, whether in the usual insulating
conditions or in locally highly doped degraded states, unless
the local concentration is so high to induce ordered O defi-
cient phases'®. The doping conditions of our samples may be
representative of the initial stages of such type of degradation.

II. EXPERIMENTAL

Two BaTiO3 samples BT1 and BT2 were cut from a bar
prepared by conventional mixed-oxide powder technique at
the Department of Chemistry of the Martin Luther University

2

Halle (Saale), Germany, as described in'Z. The present sample
BT1, with dimensions 43 x 4.1 x 0.59 mm3, corresponds to
bar No. 2 in that paper, while the present sample BT2 is a
bar 43 x 4.1 x 1.1 mm?. Sample BT3 was another bar 32.9 x
4.2 x 1.15 mm?® of BaTiOs prepared in the same laboratory.
Sample BT4, 42 x 6.3 x 0.67 mm?>, was prepared, again by
conventional mixed-oxide powder technique, at the Physics
Department of UFSCar, Sao Carlos (Brazil), as described il
and corresponds to sample No. 1.1 of that paper and sample
BT #1 inl®.

The BST samples were prepared in UFSCar, as described
il The bar with x = 0.03 had dimensions 34.4 x 4.4 x
0.43 mm?.

The (Bag gsCag.15)(Zro.1Tip9)O3 was synthesized via the
solid-state reaction method using BaCO3 (Aldrich, > 99% pu-
rity), CaCO3 (MERCK, > 99% purity), TiO, (Degussa P25,
> 99.5% purity), and ZrO, (MEL, SC 101, > 99% purity) as
starting materials. The oxide powders were mixed and ball—
milled for 20 hours, then pressed and calcined at 1300 °C for
5 hours. The calcined powders were further ball-milled for 96
hours and sieved to 200 um. Green bars were formed by uni-
axial pressing at 100 MPa, followed by cold isostatic pressing
at 300 MPa. Sintering was performed in a covered ZrO, box
with samples embedded in BCTZ-50 powders, at 1500 °C for
4 hours, with natural cooling in the furnace. Two bars were cut
t0 47.9 x 5.5 x 0.57 mm? (BCTZ1) and 33 x 5.5 x 0.55 mm?>
(BCTZ2).

Oxygen vacancies were introduced by exposing the bars
to a flow of 0.1CO + 0.9Ar at 1 bar and high temperature
(970—1250 °C) for up to 2 h, followed by 1 h homogenization
at 800 °C in the same reducing flow and cooling to room tem-
perature (RT) in few minutes. The sample was first wrapped in
a Pt foil with open ends, using slabs of Al,O3 or Y-stabilized
ZrO, to avoid the contact with Pt. The Pt envelope was placed
in a quartz tube with water cooled jacket and heated by induc-
tion. Its temperature was measured with a pyrometer Land
M1 600/100C-S and a hot-wire pyrometer Pirottico SAE, in-
sensitive to changes in emissivity. The reduced samples be-
come dark and conducting, due to the doped mobile electrons,
a condition that is quite different from conventional insulat-
ing ferroelectrics, but that might approximate the damaged
regions near the electrodes in degraded devices'®??. The con-
centration of Vg was estimated from the mass reduction af-
ter the treatment, and might be overestimated by unwanted
loss of BaO, especially at the highest temperatures. In fact,
while the total mass loss of BT1 after all the treatments cor-
responded to 6 = 0.0118, the mass gain after reoxygenation
corresponded to —& = 0.00763, but the sample was again pale
yellow with no trace of Vg in the anelastic spectrum. Further-
more, the anelastic spectra of the as-prepared and reoxidized
sample were almost identical (Fig. [2), indicating that the ef-
fects of the possible introduction of Ba vacancies or other de-
fects during the heat treatments were irrelevant. Sample BT2
was subjected to the reductions together with BT1 for con-
trol, without measuring its anelastic spectrum. Its state with
0 = 0.00935 corresponds to the final d = 0.0118 of BT1, and
the fact that 0 estimated from the total mass losses is smaller
in the thicker sample is in agreement with the hypothesis of



an overestimation of 6 from unwanted losses of BaO.

The complex Young’s modulus E = E’ +iE"” was measured
by suspending the sample with two thin thermocouple wires in
vacuum and electrostatically exciting its free-free flexural res-
onances, as described in®!. In order to short the thermocouple
wires, one of which grounded, and make the sample conduc-
tive in correspondence with the exciting/measuring electrode,
silver paint was applied to the sample. The Young’s modulus
is measured from the resonance frequency2>

f:1.028l};\/§, (1)

where [/, h, and p are the sample’s length, thickness, and den-
sity, assumed as constants, since they vary much less than £
with temperature. The elastic energy loss, Q~! = E” /E’, was
measured from the decay of the free oscillations, after switch-
ing off the excitation, or from the width of the resonance
curves. The frequency dependence of the anelastic spectra
was measured by exciting up to three flexural modes, with
frequencies in the ratios 1 : 5.4 : 13, during the same run. The
anelastic relaxation from the hopping of a V, and consequent
reorientation of its elastic dipole, causes a Debye peak in the
energy loss measured at frequency /27, with maximum at
the temperature such that @7 ~ 1, where 7 is close to the mean
hopping time??.
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FIG. 1: Dielectric spectrum of BaTiO3_g, 6 = 0.0046, with Tc =
385 K, deduced by the anelastic spectrum (not shown).

We did not pursue a parallel dielectric characterization of
the samples, since the dielectric spectra do not provide any
direct information on isolated or aggregated Vo, which lack

electric dipoles, unless associated with acceptor impurities.
Moreover, the dielectric losses due to the electronic conduc-
tion were so high in the reduced samples, that it was impos-
sible to distinguish 7c. As an example, Fig. [T] shows the di-
electric spectrum measured on a BaTiO;_g sample with 6 =
0.0046 and T¢ = 385 K, deduced from the anelastic spectrum.

III. RESULTS
A. BaTiO;_;

Figure [2] presents the anelastic spectra of sample BTI
of BaTiO;_g at increasing O deficiencies 8. The curves
are perfectly similar to those measured in BT4 and already
published!®. The introduction of V¢ has three major effects:
i) shift T¢ to lower temperature, ii) introduce thermally acti-
vated anelastic relaxation peaks in the paraelectric phase, iii)
substantially reduce the elastic energy loss from the relax-
ational motion of DWs in the tetragonal ferroelectric phase.
Peak Pg, only visible when T¢ is lowered enough, is due to
the hopping of isolated (free) Vo, while peak Pp is due to the
reorientation of Vg pairs'®. At higher temperature, two minor
peaks are found, which grow with 6 much less than Pg and
Pp, and are attributed to Vg trapped by native defects, such as

Ba vacancies!®.
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FIG. 2: Young’s modulus E and elastic energy loss Q~! of the two
samples BT1 and BT?2 cut from the same bar of BaTiO3 at various O
deficiencies §.

All these curves are measured during cooling within few
days after the reduction treatment or after a temperature run
extending at least to 500 K, therefore after few days in the FE



state. The last curve of BT1 (thin gray) was obtained after re-
oxygenating the sample in air at 1100 °C for 90 min. It is very
similar to the initial black curve, and has a high—temperature
background even lower, indicating that no major degradation
occurred during the previous reductions.

The anelastic measurements on BT2, which had been al-
ways reduced together with BT1, started 6 years after the last
reduction and the curve in Fig. 2] was measured during the
fourth cooling cycle. It is very close to the blue curve of BT1,
supposedly in a similar state, except for a higher intensity of
peak Pg.

Figure[3|presents various E (T) curves of BaTiO5_5 around
Tc measured under different conditions. Apart from differ-
ences in the precursor softening above T¢, which may also be
affected by an additional transition above T¢ (see beginning
of Discussion), the interest is in the fact that T¢, at the lower
edge of the curves, may vary considerably in the same sample
at constant O deficiency. As expected, Tc is stable in the ab-
sence of Vo (Fig. [Bp), but it depends on how long the sample
aged in the ferroelectric phase when measured during heating
in O deficient samples, already with J as low as 0.003. In
Figs. Bp.c there is an increase of Tc with increasing the aging
time at RT in the range of hours and days, with the highest 7¢
achieved after a night at liquid N, temperature (LNT).

Figure Eh, however, shows that 7¢ does not increase indef-
initely and saturate with aging, since the lowest value of T¢
during heating is measured after aging 6 years, with a huge
inverse thermal hysteresis of 10 K (curves 1 and 2). Then
Tc remains stable with normal hysteresis, if cycling does not
exceed 600 K (curves 3-8, only two of which are shown for
clarity), but, after reaching 800 K, it increases of 5 K and re-
mains stable there (curves 20-24). Figure [4b shows the Q!
curves corresponding to 1 and 2 in Fig. @, after 6 years ag-
ing. Peak Pr during cooling is shifted to higher temperature,
together with ¢, and has smaller intensity.

B. Ba,Sr,_,TiO;

Substitution of 3% Ba with Sr decreases Tc of BaTiO3 from
400 K to 390 K, independent of history (Fig. [5h); yet, upon
introduction of Vg the temperature span of the changes of 7¢
is increased with respect to BaTiO5_g. Such a span, only for
heating, is ~ 6 K in BaTiO;3_g with 6 ~ 0.003 and 0.009, but
is 21 K in Bag 9751003 TiO3_5 with 6 ~0.005 (Fig. )

Again, there is a trend of higher 7¢ for longer permanence
at RT in the range of hours and few days, but 14 days aging
lowers T, reminding the long aging effect in Fig. [dp. Few
data are available for x (Sr) = 0.1, but a shift of 7 K in T¢ has
been observed also there (Fig. [Bk).

C. (BaggsCag,15)(Zrg.1 Tig.9)O3

Figure[6]presents the anelastic spectra of BCTZ at various O
deficiencies, measured during both heating and cooling. The
three phase transitions of BaTiO3 from the cubic paraelectric
phase to the tetragonal, orthorhombic and rhombohedral fer-
roelectric phases are clearly recognizable in the as prepared
oxygenated state. The introduction of Vg shifts to lower tem-
perature T¢ and Tor, which are still separated at & ~ 0.005,
but beyond that value the elastic anomalies merge into a broad
one.

Also the anelastic relaxation peaks in the paraelectric phase,
due to isolated (Pg) and paired (Pp) Vo are recognizable, but
there are two major differences with respect to BaTiO;_g
(Fig. [2): the two peaks are shifted to higher temperature and
are much broader.

In order to be more quantitative, we fitted the anelas-
tic spectrum of BCTZ above T¢, following the example of
BaTiO318, with the phenomenological expressions>223

1 A 1
= 2
Q T cosh? (A/2ksT) (07)* + (aﬁ)‘ﬁ @

toexp (W /kgT) /cosh (A/2kgT) 3)

T

where the usual Debye peak, when @ = 3 = 1, and Arrhe-
nius law for the relaxation time over a barrier W are modified
in order to describe relaxation between initial and final states
differing in energy by A, due to non—equivalence of initial and
final state or disorder; this accounts for intensities of the peaks
that do not decrease as 1/7 with increasing 7. In view of
the asymmetric shape of peak Pp, two broadening parameters
have been introduced for the low—temperature (@) and high—
temperature () sides of the peaks. The high quality anelastic
spectra of SrTiO;_g had been fitted with three distinct peaks,
including the intermediate relaxation Py from the asymmetric
jumps of formation/dissociation of the pairs'’, and those of
BaTiO5_g with up to five peaks, when distinct peaks appeared
at higher temperatures, attributed to Vg trapped by unwanted
defects®. In (Bag g5Cag 15)(Zro.1 Tip.9)O3 the lattice disorder
broadens the relaxation spectrum so much that it is impossible
to distinguish more than two peaks, and therefore the fits were
carried out with two peaks, Eq. (@), plus a linear background
and an exponential, Aexp (B/T), to take into account the rise
of dissipation on approaching T¢.

Fits to the anelastic spectra of the lowest and highest O de-
ficiencies are presented in Fig. [7} while the fitting parameters
are reported in Table I, together with those of two spectra of
BaTiO;_g from Ref 5.

Finally, Fig. [ shows that, while the slight lattice disorder
of 3% Sr substituting Ba amplifies the dependence of T¢ on
aging (Fig. [}|compared with Fig. [3)), the strong lattice disorder
in BCTZ depresses it. The three heating curves differ only in
degree of softening, but have the same 7¢ ~ 315 K.



TABLE I: Fitting parameters of the anelastic spectra of BT (from Ref'1®) and BCTZ in Fig.

BT BT BCTZ BCTZ
5| 0.0027 0.0153] 0.00419 0.0108

Pr: Wr (eV) 0.72 0.734 0.804
T (3) 26x107%] 1x107B[2.6x107
a=p 0.84 0.2 0.2
7(293 K) 70 ms 0.45s 2s
Pp: Wp (eV) 0.86 0.85 1.39 1.39
T (8)[9x 107 #]4.7 x 107 #]5.3 x 107 3[8.6 x 10~ 1>

o 0.91 0.80 0.38 0.24

B 0.91 0.80 0.53 I

7(293K) 60 s 20's 130y 200 y

IV. DISCUSSION

The above results show that the Vg not only decrease Tc,
but also make it strongly dependent on history in BT and BST
up to 10% Sr but not in BCTZ. It should be mentioned that the
Vo also introduce a new phase transition in BaTiO5_g slightly
above Tc, which is hardly visible in the anelastic spectra mea-
sured at lower frequency shown here, but is apparent in the
modulus measured at higher frequency. It might be a local
effect of stabilization of the ferroelectric phase around partic-
ular clusters of Vg, and it will be the object of a separate study.
The additional transition does not invalidate the fact that there
is a major FE transition at a T¢ that depends on both é and
history. We will try to explain these observations in terms of
the most obvious mechanisms that are possible when Vg are
the only or major defect species: pairing and clustering of Vg
and their association with domain walls.

The reduced samples, with 0.3% — 1.5% uncompensated
Vo, are conductive and with a dark color, differently from the
ideal insulating conditions required in applications, but sim-
ilarly to the defective regions, usually near non-noble metal
electrodes, of degraded capacitors and devices. Indeed, it is
known since a long time that, at the Ni electrodes of multilayer
ceramic capacitors, the concentration of Vg may be so high
that they form ordered defect structures'®, and concentrations
of Vo as high as 6% have been measured by XPS?. The mi-
croscopic mechanisms of Vg hopping, clustering, pinning and
migration to domain walls discussed here are valid in the con-
ducting and insulating conditions, at least until their concen-
tration is within the range tested here. An influence of elec-
tron doping is found on the Vg hopping barriers, which are
gradually depressed with increase of O deficiency and hence
doping.

A. General interpretation of the anelastic spectra

1. Hopping of isolated and paired O vacancies

We refer to previous articles for the detailed analysis
and discussion of the anelastic spectra of SrTiO;_g and
BaTiO;_g'% just reminding that the hopping of an Vg re-
orients the associated elastic dipole with major axis parallel

to the nearest neighbor Ti atoms, causing peaks of the form
Eq. (@). The hopping of isolated Vg causes peak Pg, from
which the hopping barrier in SrTiOj3 is evaluated as Wg =
0.60 eV, independent of &, and in BaTiO3_g is ~ 0.73 eV and
decreases with doping. Peak Pp arises from the reorientation
of Vg pairs and has a higher activation energy, Wp = 1.0 eV
in SrTiO;_g, 0.86 eV in BaTiO;_g, the latter again decreas-
ing with doping. The lowering of the hopping barriers with
doping is evident from the general shift to lower temperature
of the whole anelastic spectrum of BaTiO;_g with increasing
o (Fig. . The activation energy for pair reorientation in-
cludes a partial dissociation of the pair and an increase of the
saddle point energy corresponding to the electrostatic repul-
sion between the two approaching charged V. This effect
has been estimated in SrTiO3 as a rise of the saddle point en-
ergy for forming a pair by AW, = 0.19 eV with respect to
free hopping!", as shown in Fig. |9l It causes a slowing of
the kinetics for reaching thermal equilibrium between free and
aggregated Vo, with respect to what expected from the high
mobility of the isolated Vg. A similar effect had been rec-
ognized to play a role with the highly mobile O atoms of the
CuO; planes in YBa,Cu3Og >,

The actual shape of the potential of the intermediate step
4 for the pair reorientation (Fig. [J) is not easy to probe
with anelasticity, since the corresponding peak Py is depressed
by the asymmetry factor in Eq. . In SrTiO;_g, with its
nearly pure Debye peaks, it can be distinguished in ceramic
samples=>, but hardly in (100) crystals!’, due to symmetry
reasons. Yet, both the site and saddle point energies of con-
figuration 4 should be intermediate between those of 2 and 3.
This means that the highest barrier for the complete reorien-
tation process between 3 and 5, probed by peak Pp, is smaller
than that for dissociation from 3 to 2, and the dissociation rate
is slower than indicated by peak Pp.

The lowering of the hopping barriers at higher O deficiency,
observed in BaTiO3 but not in SrTiO3, can be explained in
terms of a stronger interaction between the Vo and the near-
est neighbor Ti atoms, when they are off—center®. Indeed,
the elastic dipole of an isolated Vg is three times larger in
BaTiO3 than in SrTiO3 and the hopping barrier is 0.73 eV
against 0.60 eV. The mobile electrons doped by the Vo would



smear out the eight minima potential of the Ti atoms, reduc-
ing the effect, and making the Vo environment more similar
to that of SrTiOj3, with a shallower potential'®. The doping de-
pendence of the hopping barriers, together with the facts that
the anelastic relaxation peaks of BaTiO5_g are broad and the
main peak Pr is visible only at the highest doping, make chal-
lenging an analysis like that carried out for SrTiO5_g. In that
case, it was possible to include in the analysis the temperature
dependence of the populations of free and aggregated Vo, and
the binding energies were estimated as Ep = 0.18 eV for pairs
and 0.26 eV within longer chains'". The fits of the BaTiO5_g
were instead carried out with expressions like Eq. (2)), with
temperature independent A, and in order to estimate the frac-
tion of paired Vg, it was assumed that the Vg pair binding
energy in BaTiO3 has a value of ~ 0.2 eV, similar to SrTiOs3.

The Q! (T) curves of BCTZ (Fig. E]) at increasing O defi-
ciency are qualitatively similar to those of BaTiO;_; (Fig. 2),
with the two major peaks Pp and P in the paraelectric phase,
that shift to lower temperature with increasing &, but these
peaks are much broader and have larger activation energies.
The broadening, quantified by the definitely smaller values of
o and f in Table 1, is justified by the disorder in the cation
sizes, and renders difficult the analysis of the anelastic spec-
tra. Therefore, the parameters of Pr for BCTZ in Table I are
only indicative, and the fact that their activation energies are
not slightly smaller at larger 0, as in BaTiO3_g, should not be
considered as significant.

Table I contains also the mean characteristic time 7 for
the hopping of an isolated Vo and reorientation of a Vg pair
calculated at room temperature, useful for understanding the
mechanisms of aging, fatigue and deterioration of properties.
These times are only indicative, because neglect the splitting
of the energies of the Vg with dipole parallel and perpendic-
ular to the tetragonal axis in the FE phase, as explained later
(Fig. [12). Some points can however be established: at room
temperature the isolated Vg remain quite mobile, with hop-
ping rates of about 1 — 10 s~! in all compositions. The reori-
entations of the pairs, and even more their dissociations, are
slower, but still occur over time scales of minutes, except for
BCTZ, which stands out with characteristic times of hundreds
of years.

Considering the differences in the mobilities of free and ag-
gregated Vo, it is important to know their relative fractions as
a function of temperature. As already mentioned, the anelas-
tic spectra of BaTiO3 and BCTZ do not allow the binding en-
ergies of Vg in pairs and chains to be estimated, as it was
done in SrTiO310. Yet, in order to have an idea, in Fig.
the relative fractions of isolated Vg at two representative to-
tal concentrations, 6§ = 0.003 and 0.015, are plotted against
T using the same method for analyzing the anelastic spectra
of SrTiO3_gs. In one case, the same parameters of SrTiO3
have been used, which should be representative of BaTiOs3,
while the other case should represent BCTZ. Lacking esti-
mates of the pair and chain binding energies for BCTZ, it has
been taken into account that the activation energy for the pair
reorientation in BCTZ, Wp = 1.4 eV, is 0.4 eV higher than

in SrTiO3 and 0.55 eV higher than in BaTiOs, while Wk is
higher by < 0.2 eV. This suggests that the pair binding energy
of BCTZ is 0.2 — 0.3 eV larger than in SrTiO3 and BaTiO3,
namely 0.38 —0.48 eV. The curves in Fig. [I0]are plotted us-
ing Ep = Ec = 0.38 eV, and indicate that, while in BaTiO5;_g
there is a sizeable fraction of free Vg around 7¢ and at RT, in
BCTZ practically all Vg are aggregated and therefore static.
This explains why BCTZ does not display any time depen-
dence of Tc (Fig. [§).

2. Pinning of domain walls by O vacancies

Pinning of DW, at least of the 90° type, is demonstrated by
the decrease of the dissipation below 7¢ by 5 — 10 times upon
introduction of as little as 8 ~ 0.003 V¢ (Fig. . This dissi-
pation is due to the relaxational motion of 90° DWs, which en-
large the fraction of the domains with ¢ axis parallel to the ex-
tensional component of the sample vibration strain at the ex-
penses of those perpendicular to it. There must be a broad dis-
tribution of characteristic times 7 for the DW motion, result-
ing from the distribution of domain sizes and configurations,
so that, rather than a peak centred at the temperature where
T ~ 1, the Q’] curve is flat below T¢. It can be concluded
that a considerable fraction of 90° DWs are pinned already
by few tenths of percent of Vp. Nothing can be said about
pinning of the 180° DWs, since their motion does not affect
strain and does not contribute to the elastic energy dissipation.
Notice, however, that the motion of any type of DW is also
hindered by sparse quasistatic Vg by the fact that, while the
DW sweeps through them, they temporarily transform from
apical with lower energy to equatorial with higher energy (see
Sect. , effectively acting as a restoring force=?.

B. Dependence of 7¢ on history

The observation of a time dependence of 7¢ in ferroelectrics
containing defects is not new. Enhancements of 7¢ up to
2.5 K have been observed in single crystals of BaTiO3 after
aging at RT for days>Z, and attributed to the reorientation of
Fell;—V electric dipoles parallel to the local spontaneous po-
larization. The corresponding lowering of the electric energy
would stabilize the ferroelectric domains and enhance T2,
A related effect is the shift and constriction of the hysteresis
loops, due to the internal field created by the defect dipoles,
preferentially aligned parallel to the local polar direction dur-
ing aging?8'%,

Accordingly, the initial slow rise of 7¢ with aging over
hours and days in the FE state of O deficient BT and BST
(Figs. Bb.c and Bb) might be partly explained by a stabiliza-
tion of the FE domains through the alignment of the orienta-
tions of the defect dipoles with respect to the local polariza-
tion, and stabilization of the DW configurations. In the present
situations, the great majority of the Vg are introduced by the
reduction treatments and are not paired with acceptor defects
to form electric dipoles, but still the interaction of their elas-
tic, instead of electric, dipoles with the tetragonal strain can



produce the same effect.

C. Apical and equatorial Vg in polar domains

In the FE tetragonal phase of a perovskite the O atoms be-
come of two types: apical or equatorial with respect to the
tetragonal ¢ axis, as shown in Fig. and differ in energy
by AE., = E. — E,, resulting in an interaction with the polar
domain.

From a purely elastic point of view it should be AE., > 0,
assuming that the major axis of the Vg strain ellipsoid A is
parallel to the directions of the nearest neighbor Ti** ions,
pushed away by the positive Vg, and in accordance with
calculations®?. The elastic contribution to AE., can be esti-
mated as the energy difference of an elastic dipole between
orientations parallel or perpendicular to the tetragonal strain.
The anisotropic component of the elastic dipole of a Vg in
cubic BaTiO3, AA = 0.077, has been deduced from the inten-
sity of peak Pg'8 and is very close to the calculated value of
AL = 0.067°Y. The elastic contribution to the energy split-
ting between the two orientations in a tetragonal lattice can be
written as>

AEgellaS = VOAA« <C33 - C]3) & = 0.063 CV,

where vo = 64.5 x 1073% m3 is the cell volume, ¢;; =211 GPa
C

and cy3 = 107 GPa the elastic constants and & = s = 0.01
the tetragonal strain of BaTiOs3. This value is not far from
AE, = 0.1 eV, calculated for a Vg trapped by a Mn;*Y,
and which takes into account also electronic effects and other
differences between the actual FE lattice and a tetragonally
strained PE lattice. Most of the calculations of the differ-
ence between the energies of the apical and equatorial sites
for isolated Vo, including electronic effects, have been done
for PbTiO3, obtaining quite a broad range of results: AE., =
0.44 eV40, 0.1 eV<2, 0.04 eV, 0.025 eV*4, —0.1 eV,
—0.23 eV39 In the last paper AE., is also calculated for
BaTiO3; and found to be —0.06 eV, four times smaller than
in PbTiO3%°. It is indeed expected that the magnitude of the
splitting between the energies of Vg with elastic dipole paral-
lel and perpendicular to the ¢ axis is smaller in BaTiO3; with
£ =0.01 than in PbTiO3 with £ = 0.065.

Summing up, from a purely elastic point of view, the en-
ergy of a Vo in apical position should be AES® ~ 0.063 eV
lower than in equatorial position. Taking into account first—
principle calculations, which include the electronic effects, we
may assume that AE, < 0.1 eV. This has consequences with
respect to the state and mobility of the Vg at RT, in the FE
state: according to the Boltzmann factor exp (—AEc,/ksT),
only < 1/50 of equatorial sites are occupied by Vo, implying
almost total alignment of the elastic dipoles to the tetragonal
axis at equilibrium, and the hopping rates between the two
types of positions split by a factor of the same order of magni-
tude. These quantities cannot be measured by anelastic relax-
ation, because the relaxation spectrum below 7¢ is dominated
by the DW relaxation.

The situation is illustrated in Fig. [I2] with an Arrhenius
plot of the relaxation times of peaks Pr and Pp in BT and
BCTZ (green region) extrapolated in the FE state. It is as-
sumed that the splitting of the activation energies in the FE
phase is AE.,; = 0.1 eV. The shaded region is the mean pair
dissociation time assuming an activation energy up to 0.1 eV
larger than that for reorientation (see the discussion of Fig. ).

D. Dependence of electron doping and 7¢ on the aggregation
of VO

Having established that the Vg lack electric dipoles, but can
influence the FE state through their elastic dipoles, we still
observe that the magnitude of the changes of T¢ with vari-
ous temperature protocols in O deficient BT, and especially
BST, are much larger than reported up to now in BT con-
taining dopants or defects (see Sect. [[VB). For example, in
a single crystal of BaTiO3 with unknown amount of Fe3*—
Vo complexes, Tc increased of up to 2.5 K after aging®’;
in BaTiO3 doped with 1% Mn>* on the Ti** site, and pre-
sumably 0.5 — 1% compensating Vg, the shift was 1.5 K=Z,
Evidently, in the presence of uncompensated Vg there must
be another mechanism affecting 7¢, besides the internal fields
from the oriented defect dipoles. We are going to argue that
the major factor affecting Tc is the electron doping from the
ionized Vo, which depends on their aggregation state.

Let us first observe that the major cause of depression of
Tc by doping is not the size effect of the dopants and defects,
but the mobile charges that they induce. This is reasonable,
if one considers that the mobile charges screen the dipolar
interactions that induce ferroelectricity, and is demonstrated
by the fact that uncompensated Vo depress Tc at a rate of
about —4000 K/&'8, but when they are electrically compen-
sated as Schottky defects®%, the rate reduces to —220 K/§ in
Ba;_5TiO;_g5 and —820 K/ in BaTi;_g0O3_»s, inclusive of
the contribution from the dopants. Accordingly, a neutral de-
fect like Sr in Ba;_,Sr, TiO3 reduces T¢ by only —300 K/x39.
Therefore, considering that the depression of 7¢ by charged
defects is an order of magnitude larger than that by neutral
defects, it is important to understand what effect the pairing
and further aggregation of Vg has on the electron doping and
finally on Tt.

We will not review the computational studies on the valence
state of Vg and polarons from ionized V¢ in BaTiOs3, because
there is experimental evidence confirming the existence of Vg
pairs and chains, independent of anelastic relaxation'’18, and
which also sheds light on the how these clusters affect doping.
In fact, highly reduced films of SrTiO;_g have been studied
by diffuse X-ray scattering, finding evidence of linear clusters
along the [001] direction!. Moreover, photoemission spec-
troscopy revealed the presence of Ti>*, in addition to Ti**
and Ti*™1. The [001] linear clusters are the Vo pairs and
chains along the O-Ti-O directions, parallel to the polariza-
tion in the FE state and the Ti>* ions are within such pairs and
chains!. The Ti** correspond to the mobile electrons in band



or polaron states, responsible for the nearly metallic conduc-
tivity of the reduced samples, while the two electrons at the
Ti%>* sites are evidently localized.

The emerging picture is that isolated Vg are doubly charged
and dope two electrons each, but, if two Vg form a pair, dop-
ing is halved, because two electrons are localized on the in-
termediate Ti”*. Further aggregation of Vg to form longer
chains creates new Ti>* ions and halves the doping. There-
fore, full pairing/clustering of the Vo halves the electron dop-
ing, with respect to the case of fully dispersed V.

As explained in Sect. [V'AT] it is difficult to be quantitative
on the fraction of aggregated Vo during temperature runs and
aging for predicting the consequences on ¢, but we may use
Fig. [[0]as a guide. In addition to the uncertainties on the bind-
ing energies, one should take into account the slow rate for
reaching equilibrium, as mentioned in Sect. In fact,
the high mobility of the free Vo (~ 10 jump/s at RT according
to Table I) would suggest that the equilibrium fraction of ag-
gregated Vg is reached almost instantaneously above RT and
Tc, but in fact the rate for aggregation is slower than that for
free hopping, due to the electrostatic repulsion, which raises
the saddle point for joining another Vo (Fig. [0). The rise es-
timated for SrTiO3, AW, = 0.19 eV, causes a slowing of the
aggregation the rate by 250 times at 400 K and 2500 times at
RT. In addition, if Vg chains have lower energy than pairs, as
in SrTiO3, the conversion of sparse pairs into chains requires
the dissociation of some of them, which is slower than the pair
reorientation rate (according to Fig. [I2]as slow as 1 jump/hour
at RT). The slow kinetics for reaching the thermal equilibrium
between isolated and aggregated Vo may account for the fact
that it is not sufficient to enter the PE phase in order to reach a
stable state, and both the Q! (T') and E (T) curves, including
Tc, are not always reproducible also during cooling.

Since the Vo aggregation decreases doping and enhances
Tc, the slow kinetics for aggregation, may be the major cause
of the increase of 7T¢ with aging in the FE state, and adds to
the known stabilization effects of the FE domains. An indica-
tion in this sense comes from the comparison of heating and
subsequent cooling after long aging in Fig. @p. During heat-
ing, peak Pr due to the hopping of free Vg is more intense,
indicating a higher fraction of free Vg and hence higher dop-
ing, and T¢ is indeed lower. In addition, Pg is also shifted to
lower temperature, coherent with higher doping. During cool-
ing the opposite is observed in peak Pr and T¢, coherent with
a reduced amount of Vg and doping than previously. These
phenomena are amplified by mild lattice disorder, as in BST
with 3% Sr (Fig. [5), presumably due to the distribution of
hopping rates with tails of longer relaxation times.

Explaining the details of the approach to equilibrium during
the temperature runs or short aging times seems an exceed-
ingly difficult task, but we would now try to explain the puz-
zling observation that, after an extremely long aging (6 years
in Fig. El}a), Tc does not actually further increase and saturate,
but becomes smaller. In order to do that, we should consider
the competition between the clustering of Vg into Vo-Ti-Vg
pairs and chains along the [001] direction and their association
to the DWs.

E. Pinning of 90° domain walls by isolated V¢ and increase of
electron doping.

As noted in Sect. [I[VA?2| the marked depression of Q!
below T¢ after the introduction of Vg, proves that the DW
are pinned by V. Yet, this does not necessarily imply that
the aggregation state of Vg is affected by DWs. It would be
possible that the direct DW—V interaction is weak, the Vg
remain within the domains, and pinning is due to the effective
restoring force acting when the DW sweeps through them, and
they temporarily transform from apical with lower energy to
equatorial with higher energy=°.

In order to establish whether the interaction between Vg
and DW may affect the aggregation state of Vo, it is neces-
sary to compare the respective binding energies and consider
in detail which positions would the Vg occupy with respect
to the DW. To this end, we will review the relevant literature
on the nature of the interaction between Vg and DWs in per-
ovskite ferroelectrics.

In the FE-T phase, the DWs can separate domains whose
spontaneous polarizations are rotated by 180° and 90°, which
in turn can be neutral head-to-tail DWs or charged head—to—
head or tail-to—tail*’. Negatively charged tail-to—tail DWs are
the most effective traps for positively charged V), but charged
DWs are energetically unfavorable and therefore rare, unless
specific poling procedures are used*!. This is not the case of
our unpoled samples and we will assume that the DWs are
neutral 90° and 180°. On the other hand, it has been pro-
posed that Vo may nucleate tail-to—tail DWs and distribute
along them*2, so that we cannot exclude that, especially at the
highest O deficiencies, also charged tail-to—tail DW decorated
with Vg exist. Even neutral 90° DW, however, have a local
electric field, due to the change of direction of the spontaneous
polarization. This field is absent in 180° DW and accumulates
positively charged defects and electrons on either sides of the
wall43, so that, in general, there is stronger attraction between
Vo and 90° DWs.

Coming to BaTiOs3, in most of the experimental studies on
pinning of DWs, the Vg electrically compensate acceptors,
like Mn3* or Fe3* substituting Ti**, intentionally doped or
as unwanted impurities. Since Vg are strongly bound to the
acceptors, which are static, those results are not indicative of
DW pinning from mobile V.

First—principle calculations of Vg at both 180° an 90° DWs
have been done mainly for PbTiO3. The 180° DW is found to
be extremely sharp, only one unit cell in both directions, and
the energy of a doubly charged V(; at the DW is 0.13 eV lower
than far from it**, in substantial agreement with a previous
study®. In the case of 90° DW in PbTiO3, it has been found
that both apical and equatorial Vo lower their energy of ~
0.2 eV or 0.23-0.33 eV3433 within the DW or in positions
nearest neighbor to it. The first—principle calculations indicate
that the sites of lowest energy for the Vg are on the tail side
of 90° DW, contrary to what suggested by more macroscopic
phase—field calculation schemes®3.

Similar calculations for BaTiO3 are not available, except
for 180° DW, where it is found that, at variance with PbTiO3,
Vo in BaTiOj3 have lower energy within the domains than near



180° DW, and concluding that DW pinning by Vo should be
either weak or entirely absent in BaTiO3%®. This is neither
in contradiction nor in agreement with our data, since we are
not sensitive to the motion of 180° DW. Moreover, consider-
ing that 180° DWs have a higher formation energy than 90°
DWs (> 4 times in PbTiO3>>), and lack their internal electric
fields*?, the weakness or absence of interaction of Vo with
180° DW seems irrelevant to our discussion.

Considering that the tetragonal strain and internal electric
fields in BaTiO3 are smaller than in PbTiO3, we may take the
magnitude of the binding energies between a Vg and a 90°
DW in PbTiOs3, up to 0.33 eV, as an upper limit for BaTiOs3.
Therefore, it appears that the magnitude of the binding energy
to the 90° DW is competitive with the Vg pair binding energy
Ep~0.18¢eVin SrTiO310, which we assume is similar, if not
smaller, in BaTiO318.

It is therefore possible that after a long equilibration time
the Vo pairs split and migrate to 90° DWs, where the most
favorable configuration is no more that of stable Vo-Ti—Vg
pairs and chains. This is evident in Fig. [I3h, showing a do-
main ending at the bottom in a 90° DW, with the TiOg oc-
tahedra put in evidence. The O atoms are distinguished into
apical and equatorial. We have seen that the Boltzmann fac-
tor exp (—AE.,/kgT) at RT makes an apical Vg tens of times
more favorable than an equatorial one, both far and near a
DW. Therefore, the Vg occupy only the apical positions, both
when they are isolated and aggregated, and the stable Vg pairs
and chains in the FE state are along these [001] O-Ti—O rows,
but it is clear that no such pair can have both Vg at the DW
plane. In fact, if a pair is along the ¢ direction, within the
horizontal plane of Fig. [I3h, then only one of the two Vg is
at the DW, and the DFT calculations show very sharp differ-
ences between the optimal position at the DW and away from
it*¥33 Neither can any pair of sites in the plane of the DW
form a stable pair of Vg at opposite sides of a same Ti atom,
since different apical O sites belong to different octahedra.

Figure @P shows what happens when a stable pair of Vo,
sharing a Ti*" ion, dissociates in order to have both Vg at the
DW: the number of mobile Ti** electrons doubles from 2 to
4, as explained in Sect.

In the light of the above considerations, we propose the fol-
lowing explanation for the fact that 7¢ increases with aging on
the time scale of days but then decreases after years (Fig. fp).
When cooling from the PE state through 7, about half of the
Vo are free (Fig. [I0) and, in addition to continuing to aggre-
gate, they can quickly pin the forming DWs, as demonstrated
by the fact that the elastic energy loss of the O deficient sam-
ples is depressed immediately below 7c, with respect to the
case & = 0. The first stage of aging at RT would see a clamp-
ing of the DWs mainly by free Vo, which does not change
doping, and an increase of the aggregated fraction far from the
DWs, according to Fig. [I0] which decreases doping and raises
Tc. Yet, if the Vg are slightly more stable at the DWs than in
pairs and chains, which seems to be the case, on a long time
scale, part of the already aggregated Vo will dissociate and
migrate to the DWs, accounting for the final decrease of T¢.

The relaxation times extrapolated at RT in Fig. [I2] together
with the equilibrium fractions of isolated and aggregated Vo
in Fig. [I0} justify the observation of the rich phenomenology
found in the aging dependence of 7¢ in BT and BST.

F. Absence of aging in BCTZ

Figure [§] demonstrates that, contrary to BT and BST, aging
has no effect on T¢ in BCTZ. This is again explained by the
combination of Figs. [T0] and at RT practically all Vg are
aggregated and their mean dissociation rate is of the order of
hundreds of years. This may also provide a justification to the
better resistance to bipolar fatigue*” and absence of pinched
P-E loops starting from the unpoled state found in BCTZ4.

V.  CONCLUSIONS

The  Young’s  modulus and  elastic  energy
loss, Q7' of BaTiO;_s5, Ba,Sr; ,TiO3_5 and
(Bagg5Cag.15)(Zrp.1 Tip9)O5_s have been  repeatedly

measured during heating and cooling runs at various O
deficiencies and after different aging times. The Q! (T)
curves in the paraelectric phase contain peaks due to the
isolated and paired Vo, from which it is possible to measure
the respective hopping/reorientation rates and activation
energies, while in the ferroelectric phase they monitor the
degree of domain wall pinning by V.

The Vg are introduced by reducing treatments and are free
to diffuse and aggregate into pairs, while in most applications
they are compensating acceptor dopants, with which form
complexes stable at room temperature. A major consequence
is that the dependence of 7¢ and its thermal hysteresis on ag-
ing and history are greatly enhanced: in BT (BST) we found
that Tc measured during heating may vary of 6 K (21 K) at
the same value of §, while no anomaly is found in BCTZ.
The main conclusions are that 7¢ is depressed mainly by the
mobile electrons doped by V. Each isolated Vg dopes two
mobile electrons as Ti>T ions, but, when it forms a stable lin-
ear Vo-Ti>T—V pair, the two electrons of the Ti** ion are
immobile and do not contribute to doping. Therefore, T¢ is
determined not only by the O deficiency § but also by the
fraction of Vg that are aggregated. In this manner it is possi-
ble to explain the rise of 7¢ during initial aging, much larger
than in acceptor doped BaTiO3, where the Vo remain bound
to the acceptor and do not change the doping level.

While a mild lattice disorder (up to 10% Sr substituting Ba)
increases the effects, the strong disorder of BCTZ completely
freezes them. In fact, BCTZ has a much larger mean acti-
vation energy for the pair reorientation (1.4 eV compared to
<0.86 eV in BT) and hence for the pair dissociation. At room
temperature practically all Vg are paired and static over a time
scale of hundred years, explaining the superior resistance of
BCTZ to fatigue*”.

In order to explain the fact that during long aging (here 6
years) Tc does not continue increasing and saturate, but actu-
ally decreases, the interaction between Vo and 90° DW has



been considered in detail. It is shown that the stable linear
Vo-Ti—Vg pairs along the polarization direction cannot opti-
mize their position with respect to the DW plane. Therefore,
over a long time scale, the V¢ initially in stable pairs within
the domains, migrate and dissociate in order to decorate the
90° DW, increasing doping and lowering 7T¢.
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FIG. 3: Normalized Young’s modulus of BaTiO;_g measured
around 7¢ in various conditions. The legends indicate the aging
times after high temperature treatments or measurements, that should
have reset the state of the sample. a) sample BT3 with 6 = 0 after
> 1 month (1) and 1 day (2) at room temperature (RT) and after
one night at liquid N, temperature (LNT) (3). b) sample BT4 with
6 = 0.0061 after 4 days (1) and 6 days (2) at RT and after one night
at LNT (3). ¢) sample BT1 with 6 = 0.0032 after 3 h (1) and 4 days
(2) at RT and after one night at LNT (3); in curve (1) there was an

inversion of the temperature rate through the transition.
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FIG. 4: a) Normalized Young’s modulus of sample BT2 with § =
0.00935 measured during heating and cooling after 6 years aging at
RT (1,2), subsequent cycles not exceeding 600 K (3-8), subsequent
cycles after having reached 800 K (20-24). b) 0~ ! measured together
with the E of curves (1,2) in a).
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FIG. 6: Young’s modulus E and elastic energy loss coefficient 0!
of (Bag g5Cay. 15)(Zro.1 Tig.9)O3_g at various O deficiencies 8. The
arrows indicate the shift of T with increasing 0. The thick lines are
measured during cooling and the thin lines during heating; the differ-
ence between the two is noticeable only at the lowest O deficiencies

in the region of the phase transitions.
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FIG. 7: The continuous lines are fits of the elastic energy
loss coefficient Q~'in the paraelectric phase of O deficient
(Bag g5Cag.15)(Zro.1 Tig.9)O3_g. a) 6 = 0.00419 measured exciting
the 1st and 5th modes; b) 6 = 0.0108 measured exciting the 1st and
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FIG. 9: Potential profile for passing from configuration 1 to 5, where
the white Vg approaches the yellow one and forms a stable pair (3),
which reorients (4,5).
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FIG. 11: Lattice of ferroelectric tetragonal BaTiO3 with apical (red)
and equatorial (orange) 0%~ ions and two respective vacancies. The
arrows are the polar displacements of the Ti atoms.
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FIG. 12: Arrhenius plot of the relaxation times of peaks Pr and Pp
in BT and BCTZ (green region) extrapolated in the FE state. It is
assumed that the splitting of the activation energies in the FE phase
is AE., = 0.1 eV. The shaded region is the mean pair dissociation
time assuming an activation energy up to 0.1 eV larger than that for
reorientation.
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FIG. 13: a) 90° DW of BaTiO3z. All the apical O atoms in planes
parallel to the DW belong to different octahedra. b) TiO, plane of
BaTiO3 with 90° DW (cyan line) and two V. The energy of Vg in
the equatorial positions is higher than in the apical positions. On the
left, an in-line Vo—Ti—V pair, where only one Vg has the energy
lowered by the DW, contributes two mobile Ti3* electrons. On the
right, the pair is dissociated in order have both V¢ in the lowest en-
ergy positions and contributes four mobile electrons.
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