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bstract

e present the results of anelastic relaxation experiments (2–30 kHz) on ceramic SrTiO3 subjected to reduction in H2 atmosphere, which yield a
alance between VO and (OH)− defects. The resulting anelastic spectrum contains, besides the well-known structural transformation near 110 K,

everal thermally activated relaxation processes between 200 and 700 K. The two main elastic energy loss peaks are proposed to provide the first
easurement of the hopping rate of VO –(OH)− defects in pure SrTiO3.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Oxygen vacancies (VO) are considered as one of the most
ommon defects in perovskites, and are held responsible for a
ariety of effects, often undesired, such as fatigue, aging, doping
f charge carriers in ferroelectric and dielectric materials; they
re also introduced on purpose in order to obtain ionic conduc-
ion and are thought to play an important role in determining
he physical properties of earth’s lower mantle, whose preva-
ent phase is a perovskite. Yet, the microscopic parameters of

O in perovskites, such as the activation energy for diffusion,
re generally known with great uncertainty. Strontium titanate
s an emblematic case; it has been studied for over 50 years as a

odel system where the quantum paraelectric state prevents fer-
oelectricity, and superconductivity may be induced by doping,1

enerally with O vacancies; in addition, it is used in various tech-
ological applications, notably film substrates and capacitors.
he mobility of VO in SrTiO3, however, is poorly character-

zed, as demonstrated by a recent compilation of O chemical
iffusion data.2 Even more striking are the recent indications

hat the VO introduced by high temperature reduction are not
niformly distributed over the bulk, as generally assumed for
oth crystals and ceramics, but would form clusters3 or might
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orm only in highly defective near-surface layers.4 Such obser-
ations put into discussion much of the past research on SrTiO3,
specially on polaronic effects, including the belief that it sup-
orts a metal-insulator and superconducting transition at very
ow densities of carriers.

Here, we discuss how the anelastic spectroscopy, namely
he measurement of the complex dynamic elastic modulus

= M′ + iM′′ or compliance s = s′ − is′′ = M−1, may signifi-
antly contribute to the study of the mobility and ordering of VO
n perovskites. In fact, a VO has a quadrupolar symmetry that
s in principle associated with a tetragonal strain reorienting by
0◦ after each jump (see Fig. 1), whereas the associated electric
ipole is null in a perfect cubic perovskite. Then, the dynamic
ompliance at frequency ω provides a direct measure of the
opping rate τ−1 through the condition ωτ = 1 at the absorption
aximum, exactly like for dielectric spectroscopy, but without

he contribution of free charges to the relaxation spectrum.
After introducing an interpretative framework and reviewing

he few existing data in the literature, preliminary results will be
resented on the hopping dynamics of VO in SrTiO3 reduced in
2 atmosphere.

. Anelastic and dielectric relaxation from O vacancy

opping

An O vacancy in a cubic perovskite ABO3 has tetragonal
ymmetry, with quaternary axis along the direction of the nearest

mailto:francesco.cordero@isc.cnr.it
dx.doi.org/10.1016/j.jeurceramsoc.2006.02.008


2924 F. Cordero et al. / Journal of the European C

F
λ

o

n
c
a

ε

a
c
m
i
p
c
t
s
m
a
ε

o
ε

c
c
r
p
p
e
r
t
c

δ

w
Γ

τ

e
Q

t

Q

w
a
b
a
c
a
g
o
t
i
d
t
t

t
i
a
b
d
c
a
t
a
V
i
d
w
i
a
t
d

2

d
V
a
occurs over a barrier Ef with a mean rate Γ f, while hopping
around the dopants occurs over a barrier Et with a mean rate
Γ t; also indicated in the figure is the binding energy Eb of the
complex dopant-VO. Jumps of the type 3 → 2 for the vacancy
ig. 1. O vacancy with the ellipsoid representing the anisotropic elastic dipole
; the jump indicated by the arrow reorients λ by 90◦. Also, indicated is the ring
f four positions of H around a Ti O bond.

eighbour B atoms, as shown in Fig. 1. Therefore, a uniform
oncentration cx of VO with tetragonal axis x will give rise to an
nisotropic strain

= cx

⎡
⎢⎣

λ1 0 0

0 λ2 0

0 0 λ2

⎤
⎥⎦ = cxλ

(x) (1)

nd similarly for the other orientations α = y, z, where λ(α) is
alled elastic dipole tensor,5 by analogy with the electric and
agnetic dipole, although it is actually a quadrupole. The uniax-

al strains along the tetragonal axis, λ1, and in the perpendicular
lane, λ2, are negative in case of compression and positive in
ase of expansion. Fluctuations in the populations c� of the
hree types of orientations are reflected as strain fluctuations,
ince ε = ��c�λ(�); for the cubic case, the fluctuating sym-
etric strains are of tetragonal symmetry, εt = 2ε3 − ε1 − ε2,

nd orthorhombic symmetry, εo = ε1 − ε2 (using the notation
1 = εxx, etc.). The tetragonal strain is coupled to fluctuations
f the type cz = c/3 + δc and cx,y = c/3 − δc/2, giving rise to
t = 2δc(λ1 − λ2), and similarly for the orthorhombic strain;
learly, the strain fluctuations are proportional to the anisotropic
omponent �λ = λ1 − λ2 of the elastic dipole. Both strains are
elated to the corresponding stresses through the elastic com-
liance s11 − s12, as εt,o = (s11 − s12) σt,o. The application of a
eriodic stress σ with angular frequency ω perturbs the elastic
nergies of the various dipoles and therefore their populations,
esulting in a strain response out of phase of φ with respect
o stress; then, the compliance acquires a complex relaxational
omponent5

(s11 − s12) = 2

3

cv0

kBT
(�λ)2 1

1 + iωτ
(2)

here τ is the relaxation time, related to the hopping rate
of a V to a specific nearest neighbour position through
O

−1 = 12Γ . The imaginary part produces absorption, and the
lastic energy loss coefficient, or reciprocal of the mechanical
, is Q−1 = tan φ = s′′/s′ or, neglecting the relaxational contribu-

F
d
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ion to s′ and setting s′ = s11 − s12,

−1 = 2

3

cv0(�λ)2

(s11 − s12)kBT

ωτ

1 + (ωτ)2 (3)

hich is peaked at ωτ = 1. Measurements are generally made as
function of temperature at the fixed frequencies determined

y the sample or transducer resonances. The factor 2/3 in the
bove equation is valid for application of σt,o stresses to a single
rystal; for a polycrystal, it should be reduced due to angular
veraging and porosity. Note that the dielectric relaxation is
iven by the same expressions with electric dipoles p instead
f elastic quadrupoles λ, dielectric susceptibility χ instead of
he compliance s and possibly slightly different factors relat-
ng the relaxation time to the hopping rates.6 When interpreting
ielectric experiments, it is customary to neglect the tempera-
ure dependence of the relaxation strength, which is simply set
o (ε0 − ε∞)/ε∞.

To our knowledge, no measurements of the elastic quadrupole
ensor λ of VO in perovskites exist, but first principle calculations
ndicate small atomic displacements around an VO in SrTiO3
nd PbTiO3, mainly determined by the electrostatic interactions
etween the ions, and almost negligible and isotropic long range
istortions,7 although more recent calculations on larger super-
ells indicates more substantial displacements8,9; the exagger-
ted cation displacements in Fig. 1 are based on these works. It is
herefore possible that the anisotropic component �λ = λ1 − λ2
nd therefore the amplitude of the anelastic relaxation due to
O hopping are rather small. Yet, VO hopping in a perovskite is

n principle detectable by anelastic relaxation, while it is not by
ielectric relaxation. In fact, there is no electric dipole associated
ith a VO, unless some chemical disorder exists; for example,

f a VO is trapped at a Fe3+ substituting a Ti4+ in SrTiO3, then
n electric dipole is created within the Ti4+–VO–Fe3+ cluster. In
his case, however, one measures the hopping rate around the
opant and not in the regular lattice.

.1. Jumps between inequivalent sites

If for simplicity, we consider a small amount of acceptor
opants in the B sublattice of ABO3 inducing the formation of
O, e.g. FeTi, the potential profile for VO hopping should appear

s in Fig. 2. Hopping between O sites far from the dopants
ig. 2. Potential energy profile felt by an O vacancy hopping near a trapping
onor impurity (black circle).
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o get trapped and the reverse jumps may occur at two different
ates, depending on the saddle points between 2–3 and 1–2. We
re not aware of any systematic attempt at evaluating the effect
f dopants on the potential energy for VO hopping, but it may
e non-trivial; for example, it has been found that the reorienta-
ion barriers of the dopant-VO complex in CaTiO3 and KTaO3
re as low as 0.1–0.4 eV10 and 0.25–0.3 eV for MgTi–VO in
rTiO3,11 while more typical values for the VO hopping barriers

n Ti-based perovskites seem to be 1 Ev.12–17 According to this
nalysis, one might expect to observe a spectrum of anelastic and
ielectric peaks like Eq. (3), with different peaks corresponding
o the various types of jumps. These peaks may have large differ-
nces in the intensities, so that some of them are unobservable,
nd may be largely distorted in shape with respect to Eq. (3),
hich is valid for relaxation between states of the same energy. It

an be shown18 that a relaxation mode involving two states dif-
ering in energy by E1 − E2 = �E has an intensity proportional to
1n2/T (in the high dilution limit of defects), where n1 and n2 are
he populations of the two states. For �E/kBT → 0, this depopu-
ation factor approaches 1/T, as in Eq. (3), but it reduces the relax-
tion intensity when kBT < �E, finally becoming proportional to
xp(−�E/kBT). In the case of only two possible states it is:

n1n2

T
= 1

T cosh2(�E/2kBT )
(4)

hich presents a maximum at kBT = 0.65E. The physical origin
or this factor is that the anelastic or dielectric relaxation
esults from changes in the defect populations induced by
he applied field, and therefore states that are little populated
because �E > kBT) contribute little to relaxation. This fact is
enerally overlooked, but it may render unobservable relaxation
rocesses between states differing in energy by few tenths of
V, or distort the shape of the corresponding relaxation peaks,
ue to the factor exp(−�E/kBT), so changing the apparent
ctivation energy. Also the relaxation time is affected, in the
ase of relaxation between two states being multiplied by
osh(�E/2kBT), but this effect is less important in determining
he peak position and shape. Therefore, in the presence of
opant impurities or in solid solutions where disorder in the
ite energies is expected, the simple evaluation of the hopping
arrier for VO from the condition ωτ(Tp) = 1 for the peak
emperature combined with the Arrhenius law τ = �0(E/kBT)

ight give erroneous results and the whole peak should be
nalyzed as a function of frequency and temperature.

. Existing anelastic experiments on O vacancies in
erovskites

Studies of the mobility of VO by anelastic experiments have
een reported in few oxide-ion conductors. Notably, in Y sta-
ilized zirconia (YSZ, not a perovskite), a thorough series of
ombined dielectric, anelastic, tracer diffusion and electrical
onductivity experiments has been carried out (19 and references

herein), finding several effects, like differences in the activation
nthalpies associated with the electrical conduction, diffusion
nd reorientation processes, and trapping and clustering of the
O. Clear anelastic and dielectric relaxation peaks with E ≈ 1 eV

p
e
w
f
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nd τ0 ∼10−16–10−14 s, and attributed to VO hopping, have also
een found in La2Mo2O9, which again is not a perovskite.20

nterestingly, it is observed that the dielectric relaxation strength
oes not follow the expected 1/T dependence but is almost con-
tant between 500 and 800 K; we may speculate that this is due to
isorder in the site energies with �E/kB ∼ 1000 K, which makes
he relaxation strength of the type of Eq. (4) almost stationary
n that temperature range. In perovskites, an anelastic relaxation
rocess with E ≈ 1 eV is found in PZT,21,22 where however the
pectrum is complicated by the motion of ferroelectric domain
alls. The peak presents a different shape and temperature posi-

ion when measured on heating and on cooling, but its intensity
aries as expected from hopping of VO, if their concentration is
odified by annealing in vacuum or in O2

21; instead, the peak
ntensity is depressed by both doping with Nb and K, which
hould, respectively, inhibit and promote the presence of VO

22.
ecent work has focused on the role that VO plays in the fer-

oelectric fatigue of Bi4Ti3O12 (BiT), by measurement of the
nelastic spectra.23,24 Again, the situation is complicated, since
O hopping has been associated with both a dielectric relaxation,
aving E = 0.7 eV, and the accompanying anelastic peak24 and to
dielectric relaxation with E = 1.9 eV whose anelastic counter-
art seems to be a peak with E = 1.5 eV23; it should also be noted
hat in the Aurivillius structure of BiT the VO should be mostly
ound in the BiO layers rather than in the perovskite blocks, and
here are additional relaxation processes related to ferroelectric
omain wall motion.23 Finally, the case of Yb-doped SrZrO3
nd SrCeO3 should be mentioned; after a treatment in wet atmo-
phere to obtain proton conduction, complex anelastic spectra
re found, where a peak with E = 0.8 eV is attributed to reorienta-
ion of the Yb–VO complex.25 Strontium titanate is in principle
perfect system for identifying the anelastic relaxation process
ue to VO hopping for various reasons: (i) it remains cubic down
o TC = 105 K, and is therefore free from domain walls; (ii) it is
eported to support large amounts of VO after reducing treat-
ents, this type of doping having been used even for inducing

uperconductivity1; (iii) as mentioned in the introduction, it has
een studying for over 50 years but a detailed revisitation of the
ole of VO is occurring.

. Experimental and results

Ceramic samples were prepared by solid-state reaction of
rCO3 (Aldrich, 99.9%) and TiO2 (Aldrich, 99.9%) mixtures
or 6 h at 1100 ◦C. The resulting powder was milled, sieved
nd pressed in parallelepipeds about 45 mm × 10 mm × 10 mm,
hich were sintered in air at 1450 ◦C. The resulting ceram-

cs showed homogeneous microstructure and a relative den-
ity of 97%. Bars were cut and polished to dimensions
5 mm × 5 mm × 0.5 mm, suitable for the measurements of the
ynamic Young’s modulus, M(ω,T) = M′ + iM′′; the dynamic
ompliance s(ω,T) = M−1(ω,T) contains a combination of all the
ij components, due to the polycrystalline nature of the sam-

les. The complex modulus was measured by electrostatically
xciting the flexural modes of the sample, which was suspended
ith thin thermocouple wires at the nodal lines. The resonance

requencies ωn/2π are in the ratio 1:13.2 for the first and fifth
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exural modes,5 which we generally excite during the same mea-
urement run, since they have nearly coincident nodal lines. The
emperature variation of the real part M′ can be deduced from
hat of the resonance frequencies, since ωn = αnh/l2(M′/ρ)1/2,
here h, l and ρ are the sample thickness, length and den-

ity, which generally vary with temperature much less than M′,
nd αn is a geometrical factor for the nth mode. Therefore, one
an assume M′(T)/M(T0) = ω2(T)/ω2(T0), where T0 is any refer-
nce temperature (in the figures below we chose the temperature
here M′(T) is maximum). The elastic energy loss coefficient is
−1 = M′′/M′ = s′′/s′ and, according to Eqs. (3) and (4), the hop-
ing or reorientation of defects with a rate τ−1 between states
iffering in energy by �E and separated by a mean barrier E
roduces a peak in Q−1 of the form

−1 ∝ (�λ)2

T cosh2(�E/2kBT )

α(ωτ)α

1 + (ωτ)2α
(5)

ith τ = τ0(E/kBT)/cosh(�E/2kBT), where the Fuoss–Kirkwood
arameter α < 1 reproduces a possible peak broadening with
espect to the pure Debye case. The Fuoss–Kirkwood distribu-
ion of relaxation times5 produces the frequency dependence of
he imaginary susceptibility as in Eq. (5) and is popular for ana-
yzing anelastic data; the peak shape is slightly different from
hat obtained from other expressions, like the Cole–Cole one
enerally preferred in the literature on dielectric spectroscopy,
ut there are no physical grounds for preferring one over the
ther. Fig. 3 presents Q−1 and the real part of the Young’s
odulus M normalized to its maximum value before (thin line)

nd after (empty symbols) a reduction treatment of a sample
rapped in Zr foil and heated at 1000 ◦C for 3 h in a vacuum
f <10−8 mbar. A sharp increase of Q−1(T) and a drop of M′(T)
ccur at the cubic-to-tetragonal transformation at TC = 110 K.
he transformation temperature TC has been reported to vary
ith the level of electron doping n as dTC/dn = −2400 K/mol26
r −1800 K/mol27 in SrTiO3−� reduced in H2; assuming n = 2,
t should provide a measure of δ, even though it depends on sev-
ral other factors, including near-surface strains that may cause
gradient in TC.28 After the reduction treatment in vacuum with

ig. 3. Elastic energy loss Q−1 and relative variation of the Young’s modulus
M/M0-1) of SrTiO3 measured at ω/2π = 2 kHz in the as prepared state and after
wo different reduction treatments.
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ig. 4. Young’s modulus around the cubic-to-tetragonal transition before (open
ymbols) and after (closed symbols) the reduction treatment in H2 atmosphere.

r foil, the sample colour and TC were almost unchanged and
he high temperature spectrum remained flat; we conclude that
o appreciable O loss occurred.

In order to further reduce the O2 partial pressure through
he equilibrium reaction H2 + 1

2 O2 ↔ H2O, we treated a sam-
le in 450 mbar of H2 at 950 ◦C for 3 h. At 950 ◦C, it is pO2 =
× 10−15 mbar × (pH2O/pH2 )2, but we could not measure the

ctual partial pressures in the sample chamber; the treatment
as done in a quartz tube connected to a UHV system and a
ux of H2 was maintained in order to remove the H2O produced
y the reaction with the O2 evolved from the sample. The sam-
le changed colour from white-yellow to uniform dark grey and
xhibited metallic conductivity at room temperature; the filled
ymbols in Fig. 3 show that TC was now shifted to lower tem-
erature and new peaks appeared in the Q−1(T) curve.

Fig. 4 presents the elastic modulus M′(T) around TC. The
etermination of the exact value of TC from the M′(T) curves
equires the separation of the intrinsic softening and critical
ttenuation due to the structural phase transformation from those
ue to the motion of domain walls immediately below TC; it is
lear, however, that the reduction treatment produced a shift of
he step in the modulus of TC = −10.5 K, which, assuming δ = 0
nitially, n = 2δ after the treatment, and dTC/dn = −2100 K/mol
veraging the results of Refs.,26,27 yields δ ≈ 0.0025. We con-
ider this estimate only indicative, since it neglects the possible
ccurrence of H intake, and we think that the reduction treat-
ent introduced H defects, especially in view of the relatively

ow temperature and high H2 pressure at which it was performed.
e do not know whether H contributes to the negative shift of

C through additional electron doping or not, since the effects
f different types of doping on TC are not obvious; for example,
artially substituting Ti4+ with Nb5+ rises TC instead of lowering
t.26

. Discussion

We are not aware of any direct measurement of the hopping
ate of VO in SrTiO3 not containing cation dopants, but there

re several indications that the hopping barrier Ef (see Fig. 2)
hould be close to 1 eV, as for other titanate perovskites.17 The
ctivation energy for O tracer diffusion was determined through
sotope exchange as E = 1.1 eV between 850 and 1350 ◦C in
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action with a distribution of static impurities and distortion of
the peak shape due to interaction of the relaxing defects among
themselves. In the first case, the broadening is mostly due to
a distribution of energy barriers, while the distribution of τ0
ig. 5. Anelastic spectrum of SrTiO3 after reduction in H2, measured at two
requencies. The continuous line is a fit as described in the text. The arrow at
66 K signals where a peak at ω/2π = 2 kHz is expected, if the O vacancies jump
ver a barrier E = 1 eV.

nnealed crystals,12 while values as low as 0.67 eV in unan-
ealed crystals were attributed to faster diffusion along dislo-
ations. Electrical conductivity experiments in SrTiO3 doped in
ifferent manners indicate an activation energy for the VO mobil-
ty E = 0.86 eV.15 Direct measurements of the reorientation rate
f VO around the dopant may be obtained from dielectric spec-
roscopy, and in Sr1−1.5xBixTiO3, it is found Et = 1–1.1 eV,16

hile a dielectric relaxation process in SrTi1−x(Mg1/3Nb2/3)xO3
ith Et = 0.25–0.3 eV is attributed to a VO reorienting around a
g dopant11; the latter results demonstrate that the influence of

opants on the potential for VO hopping may be substantial.
As discussed above, we expect that the anelastic spectrum

f reduced SrTiO3 contains a peak due to VO hopping in the
nperturbed lattice; in fact, unlike dielectric spectroscopy, bind-
ng to a dopant or defect in order to produce an electric dipole is
ot necessary. For point defects, it is τ0 ∼ 10−13 s and therefore
e expect that VO hopping with Ef = 1 eV gives rise to a peak

round 566 K for ω/2π = 2 kHz. Fig. 5 presents the Q−1(ω,T)
urves at ω/2π ∼ 2 kHz and 28 kHz, and the peak labelled VO is
xactly at that temperature (indicated by an arrow); we therefore
ssign it to VO hopping. However, several other peaks appear
fter the reduction treatment in H2, and it is likely that some
f them are due to H related defects. The whole spectrum has
een fitted with four processes of the form of Eq. (5), as shown
y the continuous lines in Fig. 5, with the parameters reported
n Table 1; the comparison between fit and data evidences the

resence of an additional peak labelled P3.

All the peaks except P4 have a relaxation rate with
0 = 10−14–10−13 s, which is compatible with point defect hop-
ing or reorientation; instead, the larger value of τ0 of P4 sug-

able 1
xperimental data for Fig. 5

E (eV) �E (eV) τ0 (s) α

O 0.98 0 1 × 10−13 0.7
1 0.85 0 1 × 10−14 0.76
2 0.61 0.08 2 × 10−14 0.5
4 0 0 2 × 10−12 1 F

d

eramic Society 26 (2006) 2923–2929 2927

ests a collective type of motion. All the processes except P4 are
onsiderably broader than pure Debye relaxations, as indicated
y the low values of α; the intensity of P2 increases with tem-
erature, and this is reproduced in terms of relaxation between
tates differing in energy by �E ∼ 0.08 eV.

Peak VO has two unexpected features. One is that it is present
lready in the as-prepared state, with an intensity about 5.5
imes smaller than after the reduction treatment in H2, as shown
n Fig. 6. If we accept the estimate from �TC = −10.5 K that
he reduction increased the content of VO by �δ ∼ 0.0025, and
ssume the intensity of peak VO increases linearly with δ, then
e obtain δ0 ∼ 5 × 10−4 in the as prepared state and δ ∼ 0.0028

fter reduction. The value of δ0 is perfectly compatible with a
mall, unwanted, off-stoichiometry in sample preparation, for
xample Sr vacancies, or to the presence of acceptor impurities
hich are electrically compensated by VO. We cannot exclude

hat the compensating VO bound to these unwanted defects give
ise to a small thermally activated peak that we generally observe
round room temperature, and also appears in the curve with
pen symbols in Fig. 3. In this case, the residual peak VO would
e due to the fraction of such O vacancies that are detrapped
rom the impurities, so explaining why the peak VO does not
hift after the introduction of additional free vacancies.

The other interesting feature of peak VO is its width, quanti-
ed in the value α = 0.7 of the Fuoss–Kirkwood parameter; the
urve corresponding to monodispersive relaxation with α = 1
nd all the other parameters unchanged, is shown with a dashed
ine in Fig. 6. There are two main categories of peak broadening
n crystalline solids: inhomogeneous broadening due to inter-
ig. 6. Peak VO measured at 2 kHz in the as-prepared and reduced state. The
ashed line corresponds to the absence of peak broadening (α = 1).
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an usually be neglected; the Fuoss–Kirkwood distribution of
elaxation times,5 which integrated over ln τ gives rise to the
ispersion in Eq. (5), is

FK(α, x) = 2

π

cosh(αx)cos(απ/2)

cos2(απ/2) + sinh2(αx)
(6)

here x = ln(τ/τmax) and τmax is the mean relaxation time at
he peak temperature; gFK(0.7,x) may be approximated as a
orentzian with full width at half maximum w ∼ 1.44. Since

n τ = ln τ0 + E/kBT, the corresponding distribution of activation
nergies is again a Lorentzian with temperature dependent width
E/kB = 1.44 × T ∼ 850 K, which seems too large for a crys-

alline system with a concentration of defects of the order of
0−3 mol, at least when compared with metallic systems where
he random energy shifts are due to strain interactions. For
xample, the peak due to hopping of interstitial O in Nb is
onodispersive for 0.1 at% O and remains narrower than peak
O up to 1 at% O,29 the broadening being due to elastic inter-

ctions among the elastic quadrupoles associated with the O
efects. Even taking into account the electrostatic interaction
mong the VO

2− at an average distance of five lattice constants
nd with a dielectric constant >100, it is difficult to imagine
uctuations of the electrostatic energies sufficient to explain

he width of peak VO. The explanation in terms of inhomoge-
eous broadening would then require that VO hopping occurs in
highly defective environment, which produces random shifts

n the site and barrier energies of the order of E/kB ∼ 800 K.
his would be in agreement with the recent assertion that VO in
rTiO3 are confined to highly defective surface layers.4 The sur-
ace strains, whether due to dislocations3,4 or to surface effects
n the otherwise perfect crystallites,28,30 may extend far below
he crystallite surface, up to tens of microns in perfect single
rystals,30 a distance much larger than the average grain size in
ur samples. In both cases, if the observations reported for large
rystals are valid also for the grains in the ceramic, one con-
ludes that these grains must be highly strained. Such strains
re reported to rise the temperature of the cubic-to-tetragonal
nstability of tens of Kelvin,28,31 and this might be the reason
hy the M(T) curve of the as-prepared sample (Fig. 4) indicates
C ∼ 110 K, while it is generally reported TC = 105 K in sin-
le crystals. Another source of deviation from Debye relaxation
s the homogeneous interaction among the VO elastic dipoles,
hich can be treated in mean-field approximation32,33 and yields

n enhancement of the relaxation time τ and strength � by a
urie–Weiss-like factor (1 − T0/T)−1, where T0 is the temper-
ture at which the elastic dipoles start ordering parallel to one
f the possible directions due to elastic interaction. Such a tem-
erature is proportional to the strength of interaction among the
ipoles,34 T0 ∝ c(�λ)2 and is therefore also proportional to the
ntensity of the peak due to the hopping/reorientation of the elas-
ic dipoles, Eq. (3). In this manner, even if in the present case
either c = δ nor �λ are known and the peak shape could be
eliably measured only at the lowest frequency, it is possible

o assess whether strain induced ordering of the VO may play

role in inducing noticeable changes in the peak shape. The
omparison can be made with the anelastic relaxation process
ue to hopping of VO in the RuO2 planes of the ruthenocuprate

h
p
a
c

eramic Society 26 (2006) 2923–2929

uperconductor RuSr2GdCu2O8−�,35 which correspond to the
O2 planes in the perovskite structure. In RuSr2GdCu2O8−�, a
oncentration δ ∼ 0.02–0.03 of VO produced a peak with inten-
ity Q−1

max = 0.011, therefore 200 times more intense than peak
O in SrTiO3−� of Fig. 6, where Q−1

max = 5 × 10−5. Since peak
ntensity Q−1

max and interaction strength or ordering temperature
0 are both proportional to c(�λ)2 through quantities like elastic
ompliances and molecular volume, which do not vary too much
rom RuSr2GdCu2O8 to SrTiO3, it can be concluded that the
nteraction strength connected with peak VO in SrTiO3 is about
00 times smaller than for the peak found in RuSr2GdCu2O8.35

herefore, strain induced ordering cannot be the cause of the
eviation of peak VO from Debye behaviour, unless the dipoles
ere confined in regions with much higher than the average
alue, so that the value of c entering in T0 ∝ c(�λ)2 is the large
ocal concentration, whereas that entering in the peak intensity

−1
max ∝ cv0(�λ)2 is the small averaged over all the sample vol-

me. This situation would be met both in the case that VO are
onfined near the surface4 or are aggregated into clusters3; how-
ver, especially in view of the poor quality of the data at higher
requency, it is not yet possible to come to a definitive conclu-
ion on the nature of the broadening of peak VO and hence on
he possible clustering or confinement of the VO in SrTiO3.

The peaks at lower temperature are likely to be due to H
efects introduced by the reduction in H2 atmosphere and possi-
ly to polarons connected with both VO and hydrogen. Anelastic
elaxation peaks with E ∼ 0.6 eV have indeed been observed in
roton conducting perovskite cerates25,36 doped in order to have
ompensating VO later filled with (OH)− ions through exposure
o humid atmosphere. A variety of dielectric relaxation peaks
ave also been found in Bi-doped SrTiO3, one of which is com-
arable to P1 in Fig. 5 and has been attributed to some polaronic
echanism.16

. Conclusions

Our present knowledge on the formation, mobility and order-
ng or clustering of O vacancies in perovskites is still confused,
ven in a classical system like SrTiO3. Anelastic spectroscopy
s in principle an ideal tool for investigating these issues, since
he anisotropic quadrupolar strain field of an O vacancy is cou-
led to stress also in the perfect perovskite lattice, whereas the
ielectric spectroscopy is only sensitive to hopping of vacancies
ssociated with a defect producing an electric dipole. We chose
rTiO3 as the starting point of our investigation, since it remains
ubic in the temperature range of interest and in consideration of
he recent findings of non-homogeneous distribution of O vacan-
ies even in pure crystals. In these preliminary experiments, it
as not possible to introduce a sufficiently high concentration
f O vacancies without the complication of additional H defects,
o obtaining a complicated anelastic spectrum. Still, an elastic
nergy loss peak is found with an activation energy of 1 eV,
hich most likely constitutes the first direct measurement of the

opping rate of O vacancies in pure SrTiO3. The considerable
eak width supports the view that a large fraction of O vacancies
re confined within a highly defective surface layer in SrTiO3
rystals or that O vacancies are clustered.
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6. Bäuerle, D. and Rehwald, W., Structural phase transitions in semicon-
ducting SrTiO3. Solid State Commun., 1978, 27, 1343–1346.

7. Hastings, J. B., Shapiro, S. M. and Frazer, B. C., Central-peak enhance-
ment in hydrogen-reduced SrTiO3. Phys. Rev. Lett., 1978, 40, 237–239.

8. Osterman, D. P., Mohanty, K. and Axe, J. D., Observation of the antifer-
roelectric order parameter in surface layers of SrTiO3. J. Phys. C: Solid
State Phys., 1988, 21, 2635–2640.

9. Weller, M., Haneczok, G. and Diehl, J., Internal-friction studies on
oxygen–oxygen interaction in niobium. I. Experimental results and
application of previous interpretations. Phys. Stat. Sol. (b), 1992, 172,
145–159.

0. Hünnefeld, H., Niemöller, T., Schneider, J. R., Rütt, U., Rodewald, S.,
Fleig, J. et al., Influence of defects on the critical behavior at the 105 K
structural phase transition of SrTiO3: On the origin of the two length
scale critical fluctuations. Phys. Rev. B, 2002, 66, 14113-1-14.
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