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Abstract

The diffusion and aggregation of oxygen vacancies (VO) in perovskites are still poorly understood, even though they
are involved in a wide range of applications and phenomena, from solid-state electrolytes for fuel cells to ferroelectric
fatigue. In strontium titanate it has been possible, by measuring the complex elastic modulus, to identify peaks in the
elastic energy loss versus temperature due to hopping of isolated and paired VO and evaluate all the relevant kinetic
and thermodynamic parameters. We present similar experiments in barium titanate, where the ferroelectric transition
at TC = 400 K partially hides the anelastic relaxation processes due to VO. The introduction of VO, however, depresses
TC, and it has been possible to lower it enough to reveal all the relaxation processes due to free and clustered VO.
The resulting anelastic spectra are similar to those of SrTiO3−δ but there are also important differences. In BaTiO3−δ
the anisotropy of the elastic dipole of the isolated VO is about three times larger, the anelastic and relaxation peaks
markedly shift to lower temperature with doping, the activation energy for the diffusion of the isolated VO is 0.72 eV,
larger than 0.60 eV in SrTiO3, while that for the pair reorientation is smaller, 0.86 eV compared to 0.97 eV. All these
observations are explained by taking into account that, unlike in SrTiO3, Ti is dynamically disordered over eight off-
centre positions. A strong indication in this sense comes from the temperature dependence of Young’s modulus, with
anharmonic stiffening perfectly linear in temperature down to 200 K in SrTiO3, and with anomalous softening already
below 750 K in BaTiO3.
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1. Introduction

Oxygen vacancies (VO) in oxide ferroelectrics, and spe-
cifically in perovskites such as PbZr1−xTixO3 and BaTiO3,
are considered as the most common defects, responsible for
pinning of domain walls [1], extrinsic conductivity, aging5

[2], fatigue [3] and other effects, generally detrimental to
applications. On the other hand, the mobility of VO may
be exploited in ferroelectric memristors [4], not to mention
ionic conductors. In spite of the considerable literature
studying VO in perovskites or simply invoking them as the10

cause of many effects, simple properties like their hopping
rate and fractions as free or paired or otherwise aggregated
VO are not known with certainty. The best known case
is SrTiO3, which remains cubic down to 105 K and where
selective probing of isolated and aggregated VO has been15

obtained with anelastic spectroscopy [5], in that case the
complex Young’s modulus E versus temperature T and
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frequency ω/2π. The anelastic spectra of SrTiO3−δ reveal
several thermally activated relaxation processes, appearing
as Debye-like peaks in the elastic energy loss Q−1 = E′′/E′20

versus T . The maxima of these peaks occur at the tem-
peratures at which the conditions ωτ ' 1 are verified, so
allowing the precise determination of the specific defect
relaxation times τ and their activation energies by varying
frequency. This cannot be done with the dielectric suscep-25

tibility, because isolated and paired VO in the perovskite
structure possess elastic but not dielectric dipole. The
analysis of the anelastic spectra with varying O deficiency
δ in SrTiO3−δ gives a different picture from that generally
accepted, according to which in SrTiO3, and by extension30

in oxide perovskites, VO are isolated and hop over a bar-
rier of ' 1 eV, though an extremely broad spectrum of
activation energies exists in the literature even for SrTiO3

alone. Instead, the isolated VO in SrTiO3−δ diffuse over a
barrier of only 0.6 eV, but form pairs and larger clusters,35

possibly chains, already for δ ∼ 0.005, and the generally
measured activation energy of ∼ 1 eV is associated with
clustered VO [5].

The situation of BaTiO3 and other perovskite ferroe-
lectrics is also more confused, since the VO mobility in40

Preprint submitted to Journal of LATEX Templates March 12, 2021

Accepted manuscript of the paper published on
Journal of Alloys and Compounds 874 (2021) 159773
https://doi.org/10.1016/j.jallcom.2021.159753
0925-8388/© 2021 Elsevier B.V. All rights reserved.



the FE state is affected by the lowering of symmetry, in-
ternal fields and domain walls. In view of the anelastic
study on SrTiO3−δ [5], which evidence how the mobility
of VO involves processes with quite different mobilities, it
would be desirable to probe and discriminate the various45

processes also in undoped BaTiO3−δ. The main difficulty
in probing the hopping of free VO in BaTiO3−δ is that the
expected relaxation maxima at kHz frequencies are below
TC = 400 K, and therefore are completely masked by the
losses from the domain wall motion. Nevertheless, TC is50

depressed by defects in general and particularly by VO,
each doping up to two electrons, and it has been possible
to lower TC down to 310 K, so revealing also the anelastic
relaxation from hopping of free VO.

The resulting picture presented here is similar to that55

of SrTiO3−δ, in terms of isolated and paired VO, but there
are important differences in the magnitudes of the elastic
dipole anisotropies and activation energies for hopping and
pair reorientation. In addition, the latter are markedly de-
pendent on doping, in contrast with SrTiO3−δ. All these60

differences are qualitatively explained considering that the
Ti4+ cation in the cubic phase of BaTiO3 is dynamically
disordered over eight off-centre positions. On the other
hand, there is a vast literature but no consensus on the vi-
brational or hopping nature of Ti in these perovskites, and65

therefore we present clear evidence from the temperature
dependence of the Young’s moduli that Ti is off-centre in
cubic BaTiO3 but not in SrTiO3 above 200 K.

2. Experimental

Ceramic (namely polycrystalline) BaTiO3 was prepa-70

red starting from commercial high purity powder of BaTiO3

(99.9%, Sigma-Aldrich). The powder was first heated at
800 K for 2 h in order to remove undesired organics and
ball milled for 24 h to obtain a reduced and homogeneous
distribution of particle sizes. The powder was uniaxially75

pressed at 150 MPa into a thick bar, using 3 wt% polyvinyl
butyral (PVB) as a binder, followed by isostatic pressing
at 250 MPa, and then conventional sintering at 1350 ◦C
for 2 h. The density measured with Archimede’s method
was 5.63 g/cm3, 93.6% of the theoretical density. From80

the bar, with lateral dimensions 42 × 6.3 mm2, two slices
0.68 mm thick were cut, which we call BT #1 and BT #2.
They correspond to samples #1.1 and #1.2 of a previous
study on the persistence of the ferroelectric transition in
the metallic state induced by VO doping [6], but we re-85

valuated the O stoichiometries reported in Fig. 1 of that
paper as follows.

In order to introduce VO, the bars were reduced at
temperatures between 950 and 1130 ◦C for 1.5 − 2.5 h in
a flow of 0.1 CO + 0.9 Ar at ∼ 1 bar, as described in Ref.90

[6]. Each reducing treatment was followed by 1 h homoge-
nization at 800 ◦C in the same reducing flow. The change
of δ was determined from the mass change with a micro-
balance. Assuming that the mass change was entirely due
to O loss, the error on δ was ∼ 10−5, but, as explained in95

detail previously [6], a larger error resulted from the com-
parison with the smaller δ estimated from the mass gain
after subsequent reoxygenation in air at 1100 ◦C for 1.5 h.
This was mainly due to incomplete removal of the Ag paint
electrodes necessary for the anelastic measurements and100

overestimated mostly the lowest two concentrations, me-
asured first. After improving the procedure for removing
the Ag traces [6], the largest O deficiency δ = 0.0158 es-
timated after reducing BT #2 matched well with the es-
timate from the mass gain after oxygenation, δ = 0.0147,105

resulting in δ = 0.0153 ± 0.006. In what follows we will
consider this deficiency as the most accurate, and will es-
timate the lower deficiencies from TC, assuming that it de-
creases linearly with δ, TC (δ) = (400.0− 5850× δ) K. The
correspondence between the revaluated stoichiometries of110

BT #2 and those reported in Ref. [6], in parenthesis, is
as follows: δ = 0.0027 (0.0046), 0.0059 (0.0053), 0.0153
(0.016). The measurement of BT #1 at δ = 0.0041 was
not previously reported.

The complex Young’s modulus E = E′ + iE′′ was me-115

asured with the method of the free-free flexural resonance
[7]. The sample was suspended on two thin thermocouple
wires in vacuum and electrostatically excited, as described
in Ref. [8]. Silver paint is applied to the sample in cor-
respondence with the exciting/measuring electrode and in120

order to short the thermocouple. The modulus is measured
from the resonance frequency f (T ), since E′ ∝ f2 and the
variation of sample size with temperature can be neglected
[7]. The data are presented as E (T ) /E0 = [f (T ) /f0]

2
,

where E0 = E (T0 ' 750 K) and f0 = f (T0), in order to125

eliminate the effect of the small decreases of the sample
mass after the removal of the Ag electrode before each re-
duction or oxygenation treatment. The elastic energy loss,
Q−1 = E′′/E′, was measured from the decay of the free
oscillations or from the width of the resonance curves [7].130

Up to three flexural modes could be measured during the
same run, providing a reliable frequency dependence of the
anelastic spectra.

3. Results

Some of the anelastic spectra discussed here have been135

presented in a previous article, whose focus was on the
temperature dependence of the elastic modulus demon-
strating that the ferroelectric transition persists in the me-
tallic state induced by VO doping [6]. Notice that the stoi-
chiometries δ adopted there were deduced from the mass140

loss after reduction, and therefore are different from the
present estimates. In that article also the structural tran-
sitions below room temperature are shown, while here the
focus is on the Q−1 (T ) curves above TC.

These are shown in Fig. 1 together with the norma-145

lized Young’s modulus at different O stoichiometries for
samples BT #1 and #2. After the first measurement with
δ = 0.0027, sample BT #2 was thinned and its resonance
frequency changed from 2.6 to 2.2 kHz, close to that of
BT #1.The cubic paraelectric to tetragonal ferroelectric150
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Figure 1: Young’s modulus E normalized to its value in the paraelec-
tric phase E0, where the first flexural mode has f ' 2.2 kHz (except
for BT #2 δ = 0.27% with f ' 2.6 kHz), and corresponding elastic
energy loss, Q−1, measured in two identical samples at different O
stoichiometries.

transition at TC appears as the sharp edge of a negative
step in the modulus accompanied by a rise of dissipation.
The introduction of VO decreases TC without depressing
or smoothing the anomaly, whose sharpness starts smea-
ring only at the highest O deficiency δ = 0.015. This fact155

shows that at these doping levels the ferroelectric transi-
tion, though undetectable by electric measurements due
to screening from the free charges, is not suppressed, but
only its onset is shifted to lower temperature [6]. The dis-
sipation curves above TC present at least four peaks, with160

a possible smaller peak at the highest temperature, which
are labeled P1-P5 from low to high temperature. All these
peaks increase in intensity and shift to lower temperature
with increasing δ. Peak P4 is present also in the virgin
sample prior to the reduction treatments, while peak P1165

can be seen only at the highest δ, because it is masked by
the dissipation from domain wall motion below TC in all
other cases. A minor peak P2 at 410 K is in the tempera-
ture range where the dissipation starts increasing due to
the fluctuations associated with the transition. Its exis-170

tence as a thermally activated peak is discussed below.
These peaks are rather stable, since they may be retra-

ced during heating and cooling (Fig. 2). The first heating
up to 820 K of BT #1 in the virgin state decreased both
the losses in the ferroelectric state and the background in175

the paraelectric state, but peak P4, the only one present
initially, did not change. The heating curves start with
a lower dissipation around room temperature due to the
usual aging effect on the domain wall configuration [9].

All these peaks are due to thermally activated relaxa-180

Figure 2: Elastic energy loss curves measured during cooling (thick
lines, same as Fig. 1) and heating (thin lines).

tion processes, since they shift at higher temperature when
measured at higher frequency. This is shown in Fig. 3 for
one of the measurements where the higher modes could be
successfully excited over most of the temperature range.

From these curves it appears that P2 is a thermally185

activated peak like the others, but this is the only mea-
surement where we could clearly distinguish it. The best
measurements where also the 3rd mode was clear from spu-
rious resonances were on sample BT #2 with δ = 0.0027
and 0.0153; they are shown in Figs. 4 and 5 together with190

the fitting curves discussed later on.

4. Discussion

As in SrTiO3−δ [5], the thermally activated relaxation
processes above room temperature are due to the hopping
of VO, isolated and variously aggregated. This is evident195

from the fact that their intensities are increasing functi-
ons of δ. Figure 6 shows the cubic perovskite structure of
BaTiO3 above TC with an isolated VO and a pair of them.
When the isolated VO performs the jump indicated by the
arrow, the direction of the two nearest neighbouring Ti200

atoms at the centres of the O octahedra changes from z to
y, giving rise to a reorientation of the anisotropic elastic
dipole. Also a VO pair has an anisotropic elastic dipole,
presumably different from the sum of the two single dipo-
les. Its reorientation must pass through an intermediate205

state. For example, the VO in 1 jumps to 3, constituting
the intermediate state, and then the VO in 2 jumps to 4.

A linear VO–Ti–VO geometry of the pairs (Fig. 6)
and further clustering as longer chains [5] is suggested
by the stable brownmillerite phases ABO2.5 of various O210

deficient perovskites [10, 11]. This type of aggregation
has also been considered for explaining EPR spectra of
BaTiO3−δ, though with no conclusive evidence [12]. Also
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Figure 3: Elastic energy loss curves of BT #2 with δ = 0.0059
measured during cooling exciting the 1st, 3rd and 5th flexural modes
during the same run.

first-principle calculations indicate that this geometry of
the vacancy pair is the one with the lowest energy in215

SrTiO3 [13], while a recent experimental and theoretical
study confirms the occurrence of linear clustering of VO in
KTaO3−δ [14].

4.1. SrTiO3−δ

The present analysis relies heavily on that of the ane-220

lastic spectra of SrTiO3−δ in Ref. [5] (Fig. 7), whose main
points we recall here.

With increasing δ, two peaks initially appear: the one
at 250 K, whose intensity immediately saturates, may be
attributed to small polaron relaxation in virtue of its small225

activation energy, while peak P1 must necessarily by due
to isolated VO. When δ exceeds ∼ 0.002, peak P3 deve-
lops, accompanied by a minor P2. It is natural to attri-
bute P3 to the reorientation of relatively stable pairs of
VO, and P2 to the intermediate step of partial dissocia-230

tion of the pair, necessary for its reorientation. Indeed,
its intensity increases with temperature, as expected for
relaxation between states differing in energy by > kBT .
This is more clearly observed in ceramic BaTiO3 (Fig. 3),
but P2 has a relatively higher intensity also in ceramic235

SrTiO3−δ [15, 16] with respect to the s11 single crystal
mode of Fig. 7. Above δ ∼ 0.004 P1 saturates and only
P2 and P3 continue to increase in intensity, indicating that
the additional VO form pairs. There are also indications of
the formation of larger VO clusters. In fact, the intensity240

of P2 slightly decreases with aging at high temperature
[5], which is interpreted in terms of aggregation of addi-
tional VO to the pairs, with the formation of longer VO

chains and decrease of the number of pairs. The seeming
contradiction between the long time necessary for reaching245

Figure 4: Fit of the elastic energy loss curves of BT #2 with δ =
0.0153 measured exciting the 1st, 3rd modes.

Figure 5: Fit of the elastic energy loss curves of BT #2 with δ =
0.0027 measured exciting the 1st, 3rd modes.

thermal equilibrium and the fast hopping kinetics of isola-
ted and paired VO is explained in terms of the electrostatic
repulsion between VO, whose nominal charge is 2+, when
they approach to each other for forming pairs and chains
[5].250

With these assumptions, it was possible to evaluate
the populations of free, paired and otherwise clustered
VO with a simplified statistical mechanics approach [17],
and excellent fits have been obtained to several anelastic
spectra of SrTiO3−δ at different frequencies and O stoi-255

chiometries using the same set of parameters [5]. The
main parameters for SrTiO3 are: W1 = 0.60 eV for the
hopping barrier of isolated VO, accompanied by a small
change ∆λ = 0.026 in the elastic dipole; W3 = 0.97 eV for
the pair reorientation, Ep = 0.184 eV for the pair binding260

energy and Ec = 0.26 eV for the binding energy within a
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Figure 6: Cubic perovskite structure of BaTiO3 above TC with a free
VO of type z jumping to a position of type y and a pair of y type
VO.

Figure 7: Anelastic spectra of a 〈100〉 oriented single crystal bar of
SrTiO3−δ excited on the 1st flexural mode (s11 mode) at various O
deficiencies. The data are from Ref. [5] but the labelling of the peaks
is changed in order to match the present one.

chain. The saddle points for the formation/dissociation of
pairs is 0.19 eV higher than in the empty lattice due to the
electrostatic repulsion. The main result of this analysis is
that the mobility of the isolated VO in SrTiO3 is much265

higher than usually estimated, but already at very low δ
most of the VO are paired or otherwise aggregated (espe-
cially at room temperature; consider that the peak of the
reorienting pair is observed at 550 K), so that the overall
VO migration is characterised by the generally observed270

activation energy of ∼ 1 eV.
In view of the considerable shifts in temperature of

the peaks in BaTiO3−δ with varying δ, it is appropriate to
mention that the minor peaks in the virgin state and at the
two lowest values of δ in Fig. 7 are unlikely to be P1 and P3275

shifted in temperature. Indeed, the peak at 310 K for δ = 0
is extremely small, ∼ 2× 10−6, and can be anything. The

peak at ∼ 640 K for δ = 0.0008 was the last measurement
after several reduction and oxygenation treatments and
the sample looked deteriorated [5]. Finally, the seeming280

maximum at 540 K instead of 555 K for δ = 0.0018 is
likely an extrinsic effect, due to the poor quality of the
measurement above 490 K.

4.2. Comparison between BaTiO3 and SrTiO3

Compared with SrTiO3−δ, where only three peaks ap-285

pear above room temperature, the present samples of BaTiO3−δ
have a more complicated anelastic spectrum, whose evolu-
tion with increasing δ has the additional feature of shifting
to lower temperature. This is evident for peaks P3 and P4
but cannot be ascertained for P1, which can be seen only290

at the highest δ. Notice that these differences cannot be
ascribed to the fact that the present samples are ceramic,
whereas the previous study was conducted on a SrTiO3−δ
single crystal, because the same anelastic spectrum had
been obtained in ceramic SrTiO3−δ [15, 16].295

Overlooking the temperature shifts, which will be dis-
cussed afterwards, some guess on the origin of these peaks
can be made based on a qualitative analysis of their in-
tensities versus δ, keeping in mind the SrTiO3−δ case.
Peak P4 increases much less than P3 with increasing δ300

and is present also in the virgin state, suggesting that it
is due to VO combined with native defects, for example,
Ba or Ti vacancies or acceptor impurities. Indeed, cation
vacancies together with compensating VO are created by
an off-stoichiometric Ba/Ti ratio [18], and small amounts305

of acceptor impurities with compensating VO are gene-
rally present in titanates, due to their natural abundance
[19, 20]. The main effect of our reducing treatments is in-
troducing VO and the possible creation of cation vacancies
from unbalanced loss of BaO or TiO2 is negligible. This is310

demonstrated by the fact that, reoxygenating the samples
after various reducing treatments, we obtain an anelastic
spectrum very close to the original one (Fig. 2 of Ref.
[6]). Therefore, peaks P4 and P5 seem to be due to the
hopping of VO trapped at cation vacancies or impurities315

whose concentration is not affected by our experiments. At
the temperatures where P4 and P5 are observed, the trap-
ping of VO is partial, so that increasing their concentration
beyond the initial value that electrically compensates the
defects creates additional defect-VO pairs with the defects320

that are are still free. This explains why the intensities of
P4 and perhaps also P5 do not saturate immediately.

The remaining peaks P1, P2 and P3 correspond to
those also found in SrTiO3−δ [5, 15, 16]. Therefore, P1
with the lowest activation energy is due to isolated VO,325

P3 with the highest activation energy and with the inten-
sity increasing more than linearly with δ is due to pairs
of VO, while the minor P2 might be associated with the
intermediate partial dissociation step necessary for the reo-
rientation of VO pairs and possibly larger aggregates. This330

seems confirmed by the fact that in the only measurement
where P2 could be seen at three frequencies (Fig. 3), its
intensity markedly increases with temperature, a feature
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that can be explained with a strong asymmetry E between
the energies before and after the jump [17] (the difference335

being the partial binding energy, see the cosh2 (E/2kBT )
factor in Eq. (1)).

The global fitting of all the anelastic spectra achieved
for SrTiO3−δ [5] is not possible in the present case, due
to the presence of the ferroelectric transition, that hides340

the low temperature side of the spectrum, and also to the
fact that the various peak temperatures and hence energy
barriers noticeably depend on δ. We therefore attempted
to fit a couple of the best spectra with phenomenological
expressions; each relaxation process was described by [7,345

17]

Q−1 =
∆

T cosh2 (A/2kBT )

(ωτ)
α

1 + (ωτ)
2α (1)

τ = τ0 exp (W/kBT ) / cosh (A/2kBT )

where W is the mean hopping barrier and A the difference
between the energies of the initial and final states. For
A = 0 and α = 1 this is the usual Debye relaxation, while
α < 1 broadens it. The quality of the data does not jus-350

tify fitting each spectrum with five peaks, and therefore
we only included those which could clearly be recognized,
plus a linear background and an exponential exp (B/T ) to
take into account the rise of dissipation on approaching
TC (labelled as bkg in Figs. 4 and 5). The resulting fits355

are shown in Figs. 4 and 5 and were obtained with the
parameters reported in Table 1.

The energies are divided by kB, and therefore expressed
in kelvin (kB × 11605 K = 1 eV). All the pre-exponential
factors are in the range expected for hopping of point de-360

fects. The hopping barrier for free VO is W1 = 0.72 eV,
compared to 0.60 eV of SrTiO3 [5], the barrier for pair
reorientation and migration is W3 = 0.86 eV, compared
to 0.97 eV of SrTiO3, while the reorientation of VO trap-
ped by unidentified cationic defects, vacancy or acceptor,365

require activation energies of 0.97 eV and 1.22 eV. Peaks
P1 and P3 are broader than single Debye, but this may be
partly due to the fact that the intermediate peak P2 has
not been included in the fit. Yet, the presence of lattice
disorder due to defect interactions is testified by the large370

asymmetry energies E1 and E2 for large δ, and it is reas-
suring that at small δ these are zero and the broadening
parameter α3 is closer to 1.

There is excellent agreement between the energy bar-
rier for free VO hopping measured here, 0.72 eV, and recent375

accurate experiments on the VO mobility. An 18O/16O iso-
tope exchange study on BaTiO3 single crystals indicates
an activation enthalpy for vacancy migration of 0.70 eV
[19], and since diffusion occurred at ∼ 1000 K, it is reaso-
nable that the resulting parameters have no influence from380

the slower mobility of the VO pairs. Furthermore, an im-
pedance spectroscopy study on Mn-doped BaTiO3 shows
that the bulk diffusivity of VO has an activation energy
of 0.7 eV and, unexpectedly, the majority of VO are not
trapped by Mn [21]. We also mention the barrier calcula-385

ted for VO migration in the ferroelectric tetragonal phase
with polarization along z: 0.73 eV for jumps between x
and y sites and 0.78 eV for escaping from the deeper z
sites [22].

Without knowing the fraction of free VO it is impossi-390

ble to evaluate the anisotropy ∆λ of the elastic dipole of
the VO from the intensity of P1. Nonetheless, an estimate
is attempted in the Appendix, adopting the same ther-
modynamic parameters used for SrTiO3. It results that
∆λ ' 0.077, nearly three times larger than in SrTiO3.395

Such a large difference appears unjustified in view of the
close similarity of the two perovskites in the cubic phase,
where the only difference is in the radii of the Sr (1.44 Å)
and Ba (1.61 Å) cations and consequently in the cell volu-
mes (59.55 and 64.5 Å3). The larger local rearrangement400

implied by the larger elastic dipole justifies the higher acti-
vation energy of the VO in BaTiO3 (0.72 eV) with respect
to SrTiO3 (0.60 eV).

Besides an excessive anisotropy of the elastic dipole
of the VO compared to SrTiO3, BaTiO3 also exhibits an405

evident shift to lower temperature of the whole anelastic
spectrum associated with the VO dynamics in the cubic
phase. Indeed, a small decrease of 3 K of P3 is observed
in SrTiO3−δ at the highest O deficiency tested, δ = 0.007
(Fig. 7), but it should be compared with the shift of ∼410

25 K of peaks P2 and P3 in BaTiO3−δ at a similar O
deficiency and nearly 60 K total shift of P4.

These large differences between the behaviour of VO

in BaTiO3 and SrTiO3 are intrinsic of the two materials,
while the more complicated anelastic spectrum of BaTiO3415

has to be ascribed to a more defective state of the present
samples with respect to the tested SrTiO3 crystal [5], in
terms of acceptor impurities and/or exactness of the cation
stoichiometry.

4.3. Doping dependence of the activation energies and vo-420

lume expansion

Let us now try to explain the doping dependence of the
hopping barriers for free and aggregated VO. Two major
effects are known to be caused by the introduction of VO in
ABO3 perovskites: the doping of up to two electrons per425

vacancy and an increase of the cell volume. Lattice ex-
pansion upon reduction is observed in several perovskites
with tetravalent and trivalent B cation [23, 24]. It seems
to be mainly due to the change in the oxidation state of
the B cations [23], whose d orbitals are major contribu-430

tors to the bottom of the conduction band [25]. Then, the
creation of one V2+

O induces two electrons mainly locali-
zed on B; in the present case, two Ti4+ ions become Ti3+

with increase of their ionic radius from 0.605 to 0.885 Å
[26]. Direct observations of an increase of the cell volume435

upon introduction of VO have been reported in BaTiO3−δ
thin films [27] and ceramic SrTiO3 [28]. Notice that the
volume of a V2+

O is likely smaller than that of O according
to some first-principle calculations [29] and judging from
the fact that hydrating O deficient perovskites increases440

their volumes (the volume of OH− is very close to that of
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Table 1: Parameters for the fits in Figs. 4 and 5.

δ = 0.0027/0.0153

mechanism ∆ A/kB (K) W/kB (K) orτ (s) α

P1 hopping of free VO –/3.51 –/7.45 –/8390 –/2.60× 10−14 –/0.8425

P3 reorientation of VO pair 0.0888/4.29 0/941 10100/9910
9.0× 10−14/
4.74× 10−14

0.914/0.801

P4 (VBa/Tiimpurity)–VO pair 0.186/0.557 0/0 10100/11300
7.1× 10−13/
2.16× 10−14

1/1

P5
other

(VBa/Ti/impurity)–VO pair
0.06/– 0/– 14100/– 3.5× 10−14/– 0.77/–

O2−) [30]. Yet, also the opposite opinion is held, and the
size of the VO in perovskites is still considered as an open
question [31]. Certainly, the change of size between O and
VO is much smaller than that of the cations with different445

oxidation states [31].
The lattice expansion upon reduction seems a simple

mechanism for the shift of all the thermally activated peaks
to lower temperature with increasing δ: it would loosen
the bonds and make the potential felt by the hopping VO450

shallower. Yet, being a phenomenon common to SrTiO3−δ
and BaTiO3−δ, it may explain the almost imperceptible
temperature shifts in SrTiO3 but not the much larger ones
in BaTiO3.

4.4. Off-centre Ti and differences between BaTiO3 and455

SrTiO3

We will argue that the observed intrinsic differences
between the behaviour of VO in SrTiO3 and BaTiO3 is
the fact that in the latter Ti is off-centre also in the cubic
phase, and its hopping dynamics is affected by the scree-460

ning from the electrons doped by VO. Yet, since there is
a long standing controversy on the order-disorder versus
displacive nature of the phase transitions in BaTiO3 and
SrTiO3, we will summarize the various positions, high-
lighting what we consider more relevant to our purposes.465

The point is whether Ti in the cubic phase feels a multi-
well potential with sufficiently deep minima to cause hop-
ping dynamics (eight-site model or order-disorder limit) or
instead the barrier between the minima is < kBT and the
dynamics is simply anharmonic (displacive limit) [32].470

The eight-site model of Ti displaced in the 〈111〉 di-
rections (see Fig. 8) had been formalised by Bersuker
[33, 34], as a pseudo-Jahn-Teller effect where the electronic
energy is lowered by the increase of covalency between Ti
and the closest O atoms. Recent first principle calculations475

confirm the Ti displacements in BaTiO3, though with the
addition of antiferroelectric correlations [35].The idea that
the series of structural phases of BaTiO3 and KNbO3 from
rhombohedral to cubic are due to the progressive deloca-
lization of Ti over two, four and eight sites was proved by480

the observation of diffuse streaks in the x-ray diffraction
(XRD) [36] and later confirmed by several local probes,

Figure 8: Schematic representation of a V2+
O with the nearest neig-

hbouring Ti4−2δ atoms preferentially confined to the farthest apart
off-centre positions. The other Ti atoms are evenly distributed over
the eight off-centre positions.

such as X-ray absorption near edge structure (XANES)
and extended X-ray Absorption fine structure (EXAFS)
[37], EPR [38], NMR [39], convergent-beam electron dif-485

fraction [40], though 〈100〉 off-centring may be deduced in
the cubic phase from probes that average over several Ti
jumps and in some cases even by X-ray diffraction [41].

An alternative to the eight-site model was proposed
by Hüller [42], suggesting that the diffuse scattering was490

rather due to correlated Ti and O vibrations, and this
view found also more recent support [43]. The difficulty in
discriminating between an order-disorder and a displacive
nature of the ferroelectric transitions in BaTiO3, PbTiO3

and KNbO3 is that both produce similar diffuse scatte-495

ring, while the analysis of EXAFS and XANES is very
indirect and fully dependent on models. Yet, Brillouin
scattering and the Ti NMR spectra cannot be explained
in terms of anharmonic vibrations and provide eviden-
ces of genuine Ti off-centring. The Brillouin spectra of500

high quality single crystals of BaTiO3 [44] contain cen-
tral peaks in the LA modes that are explainable in terms
of hopping of Ti among off-centre positions with rates of
. 1012 s−1(in virtue of the fluctuation-dissipation theo-
rem, between a central peak I (ω, T ) and an anelastic re-505
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laxation peak Q−1 (ω, T ) there is a correspondence Q−1 ∝
(ω/T ) I [45]). Moreover, the intensity of the central peak
correlates with the anomalous softening of the elastic con-
stant c of the LA mode, which, for a material with elec-
trostrictive constant g, is expressed in terms of the local510

polarization P (due to the displacemente of Ti4+ with re-
spect to the centre of the O2−

6 octahedron) and dielectric
susceptibility χ as [46, 47]

∆c = −g2
〈
P 2

〉
χ (2)

Similarly to the anomalous decrease of the refractive index515

[48], this softening provides a measure of the magnitude
of the off-centre displacement of Ti in the polar clusters
and of their volume fraction. Also the high wings of the
−1/2 ←→ 1/2 Ti NMR lines in BaTiO3 [39] can only be
interpreted as hopping dynamics of Ti with τ ∼ 10−8 s520

and tetragonal local symmetry. A possible picture is that
the fast hopping causing the Brillouin central peak cor-
responds to single Ti jumps, which within polar clusters
are restricted within a certain subset of four sites with
the same 〈100〉 projection. The NMR signal is avera-525

ged over a longer time span, and would instead be sensi-
tive to the changes in the average local polarization along
〈100〉, which finally condenses in the ferroelectric tetrago-
nal phase.

There is controversy also on the state of the Ti atom in530

the cubic phase of SrTiO3. Strontium titanate is a quan-
tum paraelectric, where ferroelectricity ideally sets in be-
low TC = 0 K [49], but small perturbations, such as 18O
isotope exchange [50] or strain [51], are sufficient to make
TC finite and the considerations on the tendency of Ti to535

go off-centre due to pseudo-Jahn-Teller effect are in prin-
ciple valid also for SrTiO3. On the other hand, SrTiO3

actually undergoes octahedral tilting below 105 K, which
in ABO3 perovskites is generally due to too large BO6 oc-
tahedra with respect to the A–O bonds (tolerance factor540

t < 1) [52], and is antithetic to B off-centring. Certainly
the argument of t < 1 cannot rule out Ti off-centring, since
Nb is off-centre in K1−xNaxNbO3 also at large Na con-
tents where t is smaller than in SrTiO3 [53]. In addition,
wings in the Ti NMR spectra have been observed also in545

cubic SrTiO3 and again interpreted as evidence of Ti off-
centring with local tetragonal symmetry, though less than
in BaTiO3 [54]. We do not know and it has not been dis-
cussed whether the rotation modes of the octahedra that
condense below 105 K rather than Ti displacements may550

cause the wings in those spectra. Other evidence of Ti
displacements comes from the presence of Ti K pre-edge
peaks in the XAFS [55], whose small magnitude, howe-
ver, can be explained with the atomic thermal motion in
EuTiO3 [56] and therefore also in SrTiO3.555

On the other hand, there are several positive indicati-
ons that Ti off-centring in SrTiO3 is absent or negligible.
According to neutron diffraction, the Ti and Sr vibrati-
ons in SrTiO3 are harmonic even down to TC+ 5 K [57];
the Ti K EXAFS data in SrTiO3 do not show evidence of560

multiple distances with the neighbouring atoms and can

be explained in terms of anharmonic Ti vibrations also
close to the transition temperature [58]; accordingly, Ti
off-centring in Ba1−xSrxO3 can be detected only for x ≤
0.7 [59]. Finally, according to γ-ray diffraction, which is565

also an accurate probe of the electronic distribution, there
is no anharmonicity of Ti in SrTiO3, and the Ti-O bond
is strongly ionic, with little charge along its direction [60].
It can be safely concluded that Ti off-centring in SrTiO3,
if any, is much smaller than in BaTiO3.570

4.5. The evidence of the anomalous softening in BaTiO3

but not in SrTiO3

In our opinion, a clear and direct evidence of the fact
that Ti is off-centre in BaTiO3 but not in SrTiO3 is the
comparison of the temperature dependence of the respective575

elastic moduli, as shown in Fig. 9. In a regular solid above
the Debye temperature the elastic constants increase line-
arly with decrease of temperature due to anharmonic ef-
fects [61]. In virtue of Eq. (2), the formation of polar
domains in the ferroelectric state, but also polar clusters580

in the paraelectric state, causes softening, and the same
happens also for non-polar displacements [62].

Figure 9: Young’s moduli of BaTiO3−δ and SrTiO3 normalized in
order to coincide at high temperature. In all cases the first flexural
mode has f = 2.2 − 2.3 kHz when E = E0. The curve of ceramic
SrTiO3 corresponds to the empty symbols of Fig. 3 in Ref. [15].

The Young’s moduli in Fig. 9 are measured on simi-
lar ceramic samples (SrTiO3 from Ref. [15, 16]) and can
be directly compared after normalization of their magni-585

tude. At the highest temperatures, BaTiO3 and SrTiO3

have a very similar linear stiffening of the Young’s modu-
lus during cooling, due to lattice anharmonicity, and start
to soften below ∼ 1.9TC, which is 200 K for SrTiO3 but
750 K for BaTiO3. This means that the anelastic relax-590

ation from VO is observed in the linear stiffening regime
in SrTiO3 and in the softening regime in BaTiO3. Notice
also that TC = 105 K in SrTiO3 is for octahedral tilting
rather than Ti displacements. Similar softening in BaTiO3

is observed with other techniques [44, 63, 64].595

8



4.6. Elastic dipole of isolated VOand hopping barriers of
isolated and paired VO

Once established that the main reason for the different
local strain and hopping dynamics of VO in BaTiO3 with
respect to SrTiO3 must be related to the off-centre Ti po-600

sition, we would like to find the microscopic mechanisms
responsible for our observations, at least qualitatively. In
spite of the abundant literature on O vacancies in BaTiO3,
their nature is largely unknown and there is lack of so-
lid experimental evidence. In addition, the computational605

studies ignore the fact that Ti in BaTiO3 is dynamically
disordered at off-centre positions in the cubic and first two
ferroelectric phases [22, 24, 65, 66, 67].

Let us first try to explain the larger anisotropy of the
elastic dipole in BaTiO3. The positively charged V2+

O re-610

pels the neighbouring cations and attracts the O2− ions.
In the case of SrTiO3, it has been calculated [68] and con-
firmed by diffuse X-ray scattering [69] that the net volume
change is almost null, but the anisotropy is mainly due
to the two nearest neighbour Ti atoms, which are pushed615

out along the Ti-VO-Ti direction [68, 70]. In BaTiO3 it
seems natural to suppose that, in addition to a possible
outward shift of the baricentres of the eight off-centre po-
sitions, Ti will preferentially occupy those farthest away
from the VO, as shown in Fig. 8. This would certainly620

allow a larger outward displacement with respect to the
case of the central equilibrium position, so explaining the
larger anisotropy of the elastic dipole of a VO in BaTiO3.

The comparison can be extended to the VO pair line-
arly arranged on both sides of an intermediate Ti atom (see625

Fig. 6), which cannot take advantage of the off-centring
and would rather prefer a central equilibrium position.
This would decrease both the resulting anisotropy of the
elastic dipole and the binding energy to form a pair. All
these features are reflected in the comparison of the ane-630

lastic spectra of BaTiO3 and SrTiO3: the higher barrier for
free VO hopping in BaTiO3 (W1 = 0.73 eV vs. 0.60 eV)
may be explained with the easier relaxation of the nea-
rest neighbour Ti atoms among the eight off-centre posi-
tion. The smaller barrier for VO pair reorientation (W3 =635

0.86 eV vs 0.97 eV), in spite of the deeper well of the iso-
lated vacancy, may be explained with a reduced binding
energy due to the contrasting needs of the intermediate Ti
atom to stay off-centre as in the normal lattice but also in
the centre of the pair. Regarding the reduction of the elas-640

tic dipole of two VO after pairing, there is no experimental
validation based on the presented phenomenological fits,
which do not include elastic dipoles and binding energies.

4.7. Doping dependence of the activation energies and elec-
tron screening of off-centre Ti645

Let us now consider the mechanism of the marked de-
pendence of the activation barriers for VO hopping on the
reduction level in BaTiO3−δ. In Sect. 4.3 we excluded
changes in the average cell volume as the main origin of
this phenomenon, so that we conclude that it is mainly650

due to the effect of the doped electrons on the off-centre
positions of Ti. These electrons are not bound to the Ti
ions nearest neighbours to the VO, but are rather free to
move among all Ti atoms, as demonstrated by the fact
that the electrical conductivity becomes metallic [71] and655

even superconducting in SrTiO3 [72]. These free charges
screen the electric field arising from the dipoles created by
the off-centre Ti atoms, as demonstrated by the depression
of TC (Fig. 1 and Refs. [6, 71]), and this, in turn, makes
the potential felt by the hopping VO shallower. Therefore,660

we propose that the potential felt by V2+
O in BaTiO3 is

deeper than in SrTiO3 (hopping barrier of 0.73 eV instead
of 0.60 eV) due to the additional degrees of freedom of Ti
among the eight off-centre positions, but the effect is pro-
gressively weakened by the screening from the electrons665

with increase of doping.
There are other indications of the preponderance of the

effect of the doped electrons over other structural conside-
rations. The decrease of TC vs δ is (−4700± 700) K/δ,
more than one order of magnitude larger than that from670

VO electrically compensated in Schottky defects [73] in
Ba1−δTiO3−δ (−220 K/δ) and BaTi1−δO3−2δ (−820 K/δ;
in Ref. [73] δ is certainly expressed in percent) and from
neutral defects, such as Sr2+ substituting Ba2+ in Ba1−xSrxTiO3

(−300 K/x) [74].675

5. Conclusion

The anelastic spectrum of BaTiO3−δ versus the O de-
ficiency δ has been measured in ceramic bars excited on
their flexural resonances and compared with similar me-
asurements on SrTiO3−δ [5]. In both cases, all the ther-680

mally activated relaxations with maxima above room tem-
perature are due to the hopping of O vacancies that are
free, paired and trapped by native defects. In BaTiO3 the
situation is complicated by the structural transition below
TC = 400 K from the cubic to the tetragonal ferroelectric685

state, which hides the low-temperature side of the anelastic
spectrum, but, increasing δ up to 0.015, it was possible to
depress TC down to 310 K, so revealing also the relaxation
peak from hopping of isolated VO.

The comparison between the anelastic spectra of BaTiO3690

and SrTiO3 reveals several important differences. The pre-
sence of two additional peaks in BaTiO3 with activation
energies ≥ 1 eV is attributed to trapping of VO by native
cation defects (impurities and off-stoichiometry), but ot-
her differences are intrinsic. In particular, i) the peaks in695

BaTiO3−δ shift to lower temperature by 30–60 K with δ
passing from 0 to 0.015; ii) the anisotropy of the elastic
dipole of an isolated VO in BaTiO3 is about three times
larger than in SrTiO3; iii) the barrier for free VO hop-
ping in BaTiO3 is higher than in SrTiO3 (0.73 vs 0.60 eV)700

but that for the VO pair reorientation is smaller (0.86 vs
0.97 eV).

All these features are qualitatively explained by taking
into account that, unlike in SrTiO3, Ti is dynamically dis-
ordered also in the cubic phase over eight positions off-705
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centred with respect to the average lattice position at the
centre of the O6 octahedron. The existing controversy
over the nature of Ti displacements in these perosvkites
is discussed, and it is concluded that strong support to
the eight-site model for BaTiO3 but not for SrTiO3 comes710

from the anomalous softening observed in BaTiO3 alre-
ady below 750 K, in contrast with the stiffening perfectly
linear in temperature of SrTiO3. This fact permits an ea-
sier adjustment of the lattice around the VO in BaTiO3,
so increasing the anisotropy of the elastic dipole and dee-715

pening the potential of the isolated but not of the paired
VO. The introduction of V2+

O is accompanied by doping
of electrons, which screen the dipolar interactions arising
from the off-centre Ti motion, so depressing the ferroelec-
tric transition temperature TC, but also smearing the local720

potential felt by the vacancies. This explains why the hop-
ping barriers markedly decrease with doping in BaTiO3

but not in SrTiO3.

6. Appendix

Let us estimate the magnitude of the elastic dipole ani-725

sotropy ∆λ for the hopping of a free VO from the intensity
Q−1max = 0.0020 of peak P1 with δ = 0.0153. A direct com-
parison with the anelastic spectra of SrTiO3−δ in Ref. [5]
with ∆λ = 0.026 cannot be done, apart from the possible
differences in the energies of the various VO configurati-730

ons, because those spectra are for E = 1/s11 of a single
crystal, while here we are dealing with polycrystals with
6.4% porosity.

Let us first consider porosity: it decreases the Young’s
modulus but it does not change its temperature depen-735

dence. In fact, it is possible to overlap the E (T ) curves
from different BaTiO3 samples by multiplication with res-
caling factors, [62]. Then, knowing that the Young’s mo-
dulus of dense BaTiO3 reaches 200 GPa around 600 K [62],
from Fig. 9 we deduce that for the δ = 0.015 curve it is740

E = 188 GPa at Tmax = 375 K, the temperature of the
maximum of P1 (it results that the effective E is reduced
of a factor 0.785 by porosity). We do not know of any
study on the effect of porosity on the elastic energy loss,
but we can reason as follows in order to exclude a ma-745

jor influence. Consider the application of uniaxial stress σ
to a bar of a material with compliance s′ + is′′, whose ef-
fective Young’s modulus is reduced from E = 1/s′ to f×E
by porosity. Assuming that strain remains homogeneous
over the sample, the elastic strain will be enhanced of a750

factor f−1, εel = f−1s′. The defects feel such an enhan-
ced strain and therefore also their anelastic response and
imaginary compliance will be enhanced of the same factor,
with the result that Q−1 =

(
f−1s′′

)
/
(
f−1s′

)
= s′′/s′. We

conclude that porosity does not change the elastic energy755

loss if strain remains homogeneous and, in order to esti-
mate ∆λ in s′′, we must use the compliance of the dense
material. The reasoning remains valid if porosity causes
non-homogeneous strains until there is a linear compensa-
tion between regions with larger and smaller strain.760

The anelastic response of tetragonal defects with λ́1 6=
λ2 = λ3, ∆λ = λ1 − λ2, in a cubic crystal is [7]

s′′ ∝ ∆ (s11 − s12) =
1

3

nv0 (∆λ)
2

kBT
, (3)

where n is the molar fraction of defects, n = δ/3 in the
formula BaTiO3−δ, and v0 = 64.5× 10−30 m3 is the mole-765

cular volume of BaTiO3. The orientational average of the
reciprocal Young’s modulus of a cubic polycrystal is

s = E−1 = s11 −
2

5

(
s11 − s12 −

1

2
s44

)
(4)

and the same holds for the anelastic part, so that in our
ceramic samples the anelastic response of VO is given only770

by the component s11 − s12 in Eq. (4) and finally

Q−1max = α
2

15

nv0E (∆λ)
2

kBT
, (5)

where the broadening parameter α = 0.84 used in fitting
P1 also decreases the peak intensity. It remains to estimate
n = δf/3, where δf is the fraction of free VO at Tmax. In775

view of the complexity of the behaviour of BaTiO3,we are
not able to repeat the analysis made for SrTiO3−δ [5], but
for a rough estimate we may use the same expressions that
fitted those anelastic spectra. The result for δ = 0.0153
and T = 375 K is δf = 0.00385. Inserting this values in780

Eq. (5) we obtain ∆λ = 0.077 for the reorientation of the
isolated VO, nearly three times larger than in SrTiO3.
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