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Behavior of cation vacancies in single-crystal and in thin-film SrTiO3:
The importance of strontium vacancies and their defect associates
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Solid-state diffusion experiments were used to probe the behavior of cation vacancies in the perovskite oxide
SrTiO3. Two types of nominally undoped (effectively acceptor-doped) SrTiO3 systems were studied: (1) single
crystals and (2) epitaxial thin films with different Sr/Ti stoichiometries produced by pulsed laser deposition. As
diffusion sources, thin films of the perovskite oxide BaZrO3 were employed, and diffusion anneals were carried
out in air at 1323 � T/K � 1523 for single crystals and at 1073 � T/K � 1223 for thin films. Sample analysis
by means of time-of flight secondary ion mass spectrometry (ToF-SIMS) yielded diffusion coefficients of Ba and
Zr in SrTiO3 (DBa and DZr). Diffusion profiles in single-crystal samples showed the expected error-function form
and yielded DBa ≈ DZr at each temperature, and hence, activation enthalpies of diffusion that are approximately
the same, at (3.0 ± 0.4) eV and (2.8 ± 0.4) eV. Diffusion profiles in the thin-film samples were unexpectedly
complex, showing multiple error-function features. They also yielded DBa ≈ DZr at each temperature, however,
but no clear trend was found as a function of Sr/Ti ratio. Comparing results for the two systems, we conclude that
the concentration of cation vacancies is orders of magnitude higher in our thin-film samples than in the single
crystals. Our results also provide experimental evidence that oxygen vacancies, v••

O , can decrease the activation
enthalpy of strontium-vacancy migration by forming (vOvSr )× defect associates, and we derive an analytical
model for the cation diffusivity as a function of temperature and defect concentrations.

DOI: 10.1103/PhysRevMaterials.4.123404

I. INTRODUCTION

Perovskite-type oxides of the general formula ABO3 are
dominated without exception by vacancy rather than by in-
terstitial point defects, by virtue of the lattice’s close-packed
nature. Oxygen vacancies are the most common vacancy
defects because of the relative ease with which such de-
fects form and migrate. Their behavior in a wide variety of
perovskite oxides has been investigated extensively [1–9],
and accordingly an advanced level of understanding has
been attained. Cation vacancies in perovskites have attracted
far less attention being considered far less mobile, and be-
ing present, in general, at far lower concentrations. Their
presence cannot be ignored, however. At sufficiently high
temperatures, they become mobile, allowing various funda-
mental processes to occur, processes such as interdiffusion,
grain growth, sintering, creep, segregation, and accumula-
tion at extended defects, and the precipitation of second
phases.

In the prototypical perovskite oxide SrTiO3, oxygen vacan-
cies form readily, both upon reduction of the oxide, and to
charge compensate acceptor impurities, such as Mg2+, Al3+,
or Fe3+, that substitute for Ti4+ [9–14]. The high mobility
of oxygen vacancies at elevated temperatures has been long
appreciated [10,15–18]; less well known is that at room tem-
perature their mobility is still sufficiently high to provide the
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dominant contribution to the conductivity [9,19–21]. The ac-
tivation enthalpy of oxygen-vacancy migration is found from
a variety of experimental [17,21–24] and theoretical methods
[25–28] to be ca. 0.65 eV. Interactions between oxygen va-
cancies and acceptor dopants increase the effective activation
enthalpy up to 0.86–1.1 eV [29,30].

Strontium vacancies are known to be present and mobile in
SrTiO3 at high temperatures, since they allow the SrO-partial
Schottky equilibrium to become active, precipitating SrO as
a second phase at the surface [31–33]. At low temperatures,
strontium vacancies are frozen-in, constituting additional ac-
ceptor species that are compensated by oxygen vacancies.
Quantitative, experimental studies of strontium diffusion in
SrTiO3 are, however, surprisingly rare. Activation enthalpies
have been reported in only six studies [23,34–38] since the
1960s, and one of these values [34] probably refers to grain-
boundary diffusion, and another [35] refers to a lower limit;
both are not considered further here. The remaining studies
report values for the activation enthalpy of strontium-vacancy
migration in bulk SrTiO3 in the range of 2.5 eV to 4.0 eV (see
Fig. 1).

Computational studies of Sr migration by a vacancy mech-
anism appear to confirm a value at the upper end of this
range. Density-functional-theory (DFT) calculations [39,40]
predict 4.0 eV and 3.7 eV; empirical-pair-potentials (EPP)
calculations [25,41–46], though showing, as expected, a larger
range of values (from 2.5 eV to 5 eV), yield values around
4 eV in four different studies, each based on a different set of
EPP [25,42,43,46].
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FIG. 1. Activation enthalpies of strontium-vacancy migration,
�Hmig,v, in SrTiO3 reported in the literature from experiment (A [23],
B [36], C [37], D [38], E [38]), from density-functional-theory (DFT)
calculations (F [39], G [40]) and from empirical-pair-potential (EPP)
calculations (H [41], J [42], K [43], L [44], M [45], N [25], P [46]).

On this basis, the lowest values obtained experimentally,
of (2.5 ± 0.8) eV and 2.8 eV [23,36], would be attributed to
experimental inaccuracy. There is, however, a computational
prediction that suggests a closer examination is warranted.
According to the DFT calculations of Walsh et al. [40],
the presence of an oxygen vacancy directly adjacent to a
strontium vacancy lowers the activation barrier for strontium-
vacancy migration (in their calculations from 3.7 eV to
2.9 eV). Although this prediction accounts for the two lowest
experimental values, some questions remain. For example,
how reliable are these experimental values? One value [23] is
characterized by a substantial error [(2.5 ± 0.8) eV], and the
other [36] was obtained indirectly from transient impedance
studies (and the associated error was not reported). The first
aim of this study, therefore, is to obtain experimental diffusion
data directly in order to examine the computational prediction.
A second question is consequently under what conditions an
activation enthalpy of ≈4 eV is observed and under what
conditions an activation enthalpy of ≈3 eV. The second aim
is, then, to construct a model, in order to identify the relevant
conditions.

The third aim of this study is to extend the investigations
from single-crystal samples to epitaxial thin-film samples.
Thin films of SrTiO3 often serve as a model system in studies
of valence-change resistive switching [47], a phenomenon
in which the resistance of an insulating oxide, after suitable
preparation (a process called electroforming), can be switched
reversibly between high and low resistance states upon appli-
cation of suitable voltages. The mechanism of valence-change
resistive switching is widely accepted to be a nanoscale re-
dox reaction, brought about by the creation and migration of
oxygen vacancies [48]. Three recent studies, however, have
found evidence that strontium cations may also be mobile
in these films during electroforming or switching processes
[49–51]. For a deeper understanding of the resistive switching
phenomenon, it is necessary, therefore, to characterize the
behavior of cation defects in thin-film samples, behavior that

is expected [52–54] to differ substantially from that in single
crystal samples.

In particular, there is clear experimental evidence from
positron annihilation lifetime spectroscopy (PALS) [52,55]
that due to the nonequilibrium conditions of physical vapor
deposition techniques, such as pulsed laser deposition (PLD),
cation vacancies in state-of-the-art epitaxial oxide thin films
are present in significant concentrations (i.e., much higher
than their equilibrium concentration). The presence of cation
vacancies in SrTiO3 and other complex oxide thin films has
not, however, received much attention in the community so
far, although such defects have significant impact on elec-
tronic and ionic transport as well on functional properties such
as magnetism and ferroelectricity [56]. In-depth studies on the
role of cation vacancies are, therefore, of pivotal importance
to advance the field of oxide electronics.

The experimental investigation of such slow-moving, mi-
nority defects is not easy. There are few techniques possessing
the sensitivity to detect them. The most sensitive method for
probing point-defect behavior, arguably, is a (tracer) diffusion
experiment. Since diffusion in the solid state cannot occur
without point defects, the observation of solid-state diffusion
unambiguously indicates their presence (even defect concen-
trations orders of magnitude below the ppm level give rise to
measurable diffusion coefficients [57]).

II. EXPERIMENTAL

A. Sample preparation and diffusion experiments

Nominally undoped, polished, (100) oriented single-crystal
samples of SrTiO3 were obtained commercially from CrysTec
GmbH (Berlin, Germany). The samples measured 10 mm ×
10 mm × 1 mm, and the polished large face exhibited an
r.m.s. roughness of 2 nm, according to interference micro-
graphs of an area of 425 μm × 920 μm (NT 1100, Veeco
Instruments Inc., NY, USA). Samples were pre-annealed at
the temperature of interest (1323 � T/K � 1523) for a time
(2–10)t (t being the duration of the diffusion anneal), in order
to equilibrate the cation sublattices. BaZrO3 layers, approx.
200 nm thick, were deposited by PLD in an atmosphere of
10−2 mbar O2 at room temperature (at IPC, RWTH Aachen
University) and subsequently crystallized by annealing in air
at T = 973 K for 4 hours.

Epitaxial thin films of SrTiO3 with different Sr/Ti stoi-
chiometries were grown by PLD (at PGI, Forschungszentrum
Juelich) by varying the laser fluence [58,59]. Deposition took
place at T = 1073 K onto single crystals of nominally un-
doped SrTiO3 that had been etched with buffered HF solution
according to the standard procedure [60,61] to yield TiO2-
terminated substrates. The different laser fluences used were
0.8 J cm−2 for Sr-rich films, 1.0 J cm−2 for stoichiometric
films, and 1.2 J cm−2 for Ti-rich films. The target-substrate
distance was 44 mm and the oxygen pressure during de-
position, 0.1 mbar. Subsequently, the samples were cooled
to T = 673 K, at which temperature thin films of BaZrO3,
approx. 10 nm thick, were deposited with a laser fluence of
1 J cm−2 at the same pressure and target-substrate distance
and without exposing the SrTiO3 thin films to air. No further
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treatment of the sample was carried out to avoid substantial
diffusion occurring before the diffusion anneal.

In previous studies [52,55,58], we have carefully ana-
lyzed SrTiO3 thin films grown in this way by a variety of
complementary characterization techniques [x-ray diffraction,
x-ray photoelectron spectroscopy, PALS, and high resolution
transmission electron microscopy (HRTEM)]. Based on these
studies, we determined that both Sr and Ti vacancies are
present for all Sr/Ti ratios, their relative concentration chang-
ing systematically with laser fluence [52,55]. It is important
to note that for both stoichiometric and Ti-rich films HRTEM
indicates high crystalline perfection without any extended de-
fects such as Sr-vacancy platelets [62–64] or TiO2 inclusions
[65] that have been reported for Ti-rich films in the literature.
For Sr-rich thin films, however, Ruddlesden-Popper type an-
tiphase boundaries have been observed that accommodate the
Sr surplus [55,66,67].

All prepared samples were cut into two pieces: One part
was used for the diffusion experiment; the other was used as
a zero-time reference. The diffusion anneals were carried out
in air at 1323 � T/K � 1523 for the single crystals and at
1073 � T/K � 1223 for the thin films.

B. ToF-SIMS analysis

Diffusion profiles were determined by means of time-
of-flight secondary ion mass spectrometry (ToF-SIMS) with
a TOF-SIMS IV machine (IONTOF GmbH, Münster, Ger-
many) [68]. Secondary ions for ToF analysis were generated
by a pulsed beam of 25 keV Ga+ rastered over 100 μm ×
100 μm. A beam of 1 keV O+

2 was used to sputter etch the
sample over an area of 300 μm × 300 μm. To compensate the
charge of the primary beams, a beam of low-energy (<20 eV)
electrons was used. Positive secondary ions were recorded
with a ToF cycle time of 55 μs. Crater depths were measured
post-analysis with a profilometer (Dektak 150, Veeco Instru-
ments Inc., NY, USA).

C. Profile description

Consideration of the diffusion experiments indicates that
the initial and boundary conditions correspond to a thin source
of extent h diffusing into a semi-infinite medium. The appro-
priate solution of the diffusion equation is thus [69]

Inorm
MO+ (x) = K

[
erf

(
x + h√

4Dcatt + 4σ 2

)

− erf

(
x − h√

4Dcatt + 4σ 2

)]
, (1)

where Inorm
MO+ (x) is the secondary ion intensity of MO+ relative

to that of O+ as a function of depth x, K is a fitting parameter,
Dcat is the cation diffusion coefficient (Dsc

cat for single crystals,
Dtf

cat for thin films), t is the duration of the diffusion an-
neal, and σ characterizes the effective SIMS depth resolution,
which is determined by surface/interface roughness and ion
beam mixing effects.

FIG. 2. Secondary ion intensities for MO+ normalized to that
of O+ obtained by ToF-SIMS depth profiling of a BaZrO3|SrTiO3

sample prior to diffusion annealing (zero-time sample).

III. RESULTS

A. Single-crystal strontium titanate

The ToF-SIMS depth profile obtained for a sample af-
ter crystallization but before diffusion annealing is shown in
Fig. 2. The depth scale was corrected for the slightly different
sputter rates of BaZrO3 and SrTiO3. The sharp decreases in
the normalized BaO+ and ZrO+ signals and the sharp in-
creases in the normalized SrO+ and TiO+ signals indicate
a well-defined film, with little mixing of the cations across
the interface. As the interface is approached, Inorm

ZrO+ increases
slightly, while Inorm

BaO+ decreases slightly. All samples showed
such changes prior to annealing but not afterwards.

Also evident in Fig. 2 is that aluminium is present as
an impurity certainly in the BaZrO3 film (Inorm

AlO+ being sig-
nificantly above the detector-background level) and possibly
in the SrTiO3 substrate (Inorm

AlO+ being approximately at de-
tector background). There is also a sharp peak in Inorm

AlO+ at
the BaZrO3|SrTiO3 interface, which we attribute to polishing
residues on the SrTiO3 substrate. Sr and Ti are present as
impurities in BaZrO3. A significant amount of Zr is present
in the single-crystal SrTiO3.

Exemplary profiles before and after diffusion annealing are
compared in Fig. 3. In order to determine Dsc

cat, we first fitted
Eq. (1) to the data for t = 0 to obtain h and σ . For the data
shown in Fig. 2(a), for example, we obtained h = (268 ± 1)
nm and σ = (4.1 ± 0.9) nm; the relatively large value of
the latter strongly suggests that surface/interface roughness
determines the depth resolution rather than ion-beam mixing.
Having obtained h and σ , we then fitted Eq. (1) to the diffusion
profile to determine Dsc

cat. The diffusion profile data for both
Ba and Zr are described well, over several orders of magnitude
in intensity, down to the detection limit.

Values obtained for Dsc
Ba and Dsc

Zr are plotted in Fig. 4. They
are seen to be the same, within error, at all temperatures. The
activation enthalpies of diffusion are �HBa = (3.0 ± 0.4) eV
and �HZr = (2.8 ± 0.4) eV.

B. Thin-film strontium titanate

The ToF-SIMS depth profile of the as-grown
BaZrO3|SrTiO3|SrTiO3 structure is shown in Fig. 5. The
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FIG. 3. Diffusion profiles in single-crystal strontium titanate af-
ter diffusion annealing for t = 96 h at T = 1523 K compared with
zero-time profiles: (a) barium and (b) zirconium.

interface between the two thin films appears relatively
sharp, with all signals dropping or rising abruptly (the ZrO+

signal at low intensities decays over a longer length scale).
As expected, the interface between thin-film SrTiO3 and
single-crystal SrTiO3 is apparent neither in the matrix signals,
Inorm
SrO+ and Inorm

TiO+ , nor in the impurity signals, Inorm
BaO+ and Inorm

ZrO+ .
There is a peak in Inorm

AlO+ at a depth of ca. 100 nm, which
we attribute, as before, to polishing residues on the SrTiO3

substrate, and which thus indicates the extent of the SrTiO3

thin film.
In Fig. 6 we compare diffusion profiles after a diffusion

anneal of 20 h and then again after a further 45 h of an-
nealing, with the zero-time profiles. The Ba diffusion profile
after 20 h clearly shows two features, each of which has the
error-function form of Eq. (1), but after 65 h only one feature
is evident. In contrast, the Zr diffusion profile shows two
features after 20 h and after 65 h. In general, the fits are not
as good as for the single-crystal samples, but the normalised
intensity can be described by the fitted curve over at least one
order of magnitude (and in many cases, over two to four orders
of magnitude). In some profiles, a third feature, just above
background, is evident; since ln Inorm seems to vary linearly
with depth for this feature [70], we tentatively attribute it to

FIG. 4. Diffusion coefficients of barium (green circles) and zir-
conium (blue squares) in single-crystal strontium titanate as a
function of inverse temperature.

fast diffusion of cations along dislocations. The poor signal-
to-noise ratio for the data does not permit, however, definite
identification, and we do not consider a possible third feature
any further here.

Diffusion coefficients obtained for thin-film STiO3 are
plotted in Fig. 7. Again, one sees no difference between DBa

and DZr. The two lines shown in the figure are not, however,
fits to determine activation enthalpies. Rather the dashed line
was calculated by taking Dsc

cat (T ) from Fig. 4, extrapolating it
to lower temperatures, and multiplying it by 4000. This result
strongly suggests that the thin-film samples have a factor of
4000 more cation vacancies than the single crystals, since
the activation enthalpy of diffusion stays the same at �HD ≈
3 eV. The dotted line was obtained by fixing the activation
enthalpy at �HD = 4 eV and varying the pre-exponential
factor to describe the data.

In Fig. 8, we show the behavior of the faster cation diffu-
sion process in thin-film SrTiO3 as a function of Sr/Ti ratio.

FIG. 5. Secondary ion intensities of MO+ normalized to
that of O+ obtained by ToF-SIMS depth profiling for a
BaZrO3|SrTiO3|SrTiO3 sample prior to diffusion annealing (zero-
time sample).
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FIG. 6. Diffusion profiles in stoichiometric thin-film SrTiO3

after diffusion anneals at T = 1123 K for various anneal times com-
pared with the zero-time profile: (a) barium and (b) zirconium.

Again, the behavior is far more complex than expected: As
the composition of the SrTiO3 film is changed from Sr-rich,
through stoichiometric, to Ti-rich, the concentration of A-site
vacancies is expected to increase monotonically and that of
B-site vacancies to decrease monotonically. In Fig. 8, how-
ever, isothermal values of Dtf

Ba and Dtf
Zr are the lowest for the

FIG. 7. Diffusion coefficients of barium and zirconium in stoi-
chiometric thin-film SrTiO3 as a function of inverse temperature. NB:
Lines are not fits to Arrhenius behavior but (see text) descriptions
with �HD ≈ 3 eV (dashed line) and with �HD ≈ 4 eV (dotted line).

FIG. 8. Diffusion coefficients of Ba and Zr for the faster diffu-
sion process in thin films of SrTiO3 with differing Sr/Ti ratios as a
function of inverse temperature.

stoichiometric films. In general, Dtf
Ba and Dtf

Zr are the highest
for the Sr-rich films.

IV. DISCUSSION

There are three major results obtained in this study con-
cerning cation diffusion in perovskite SrTiO3 to which we will
pay special attention:

(i) DBa ≈ DZr, with �HBa ≈ �HZr for both single-crystal
and thin-film systems

(ii) the absolute magnitude of the activation enthalpy of
diffusion and how this relates to the effect of oxygen vacancies
on the migration of strontium vacancies

(iii) the differences between single-crystal and thin-film
systems

A. A site vs B site

The sizes and environments of A-site and B-site cations
in the ABO3 perovskite structure differ substantially: The A
cation is much larger than the B cation, and it is twelvefold
coordinated by oxide ions, with the smaller B cation being six-
fold coordinated by oxide ions. The charges of the two cations
may also differ, as in SrTiO3 or NaNbO3, but not necessarily,
as in LaGaO3. Given these differing sizes, environments, and
charges, it is surprising, therefore, to find �HBa ≈ �HZr for
single-crystal (Fig. 4) and thin-film (Fig. 7) SrTiO3.
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Scrutiny of the literature reveals that such behavior is
not specific to SrTiO3. �HA ≈ �HB has been found previ-
ously for various ABO3 perovskite compositions: LaGaO3

[71], BaTiO3 [72,73], MgSiO3 [74–76], BaZrO3 [77],
(Ba,Sr)(Co,Fe)O3 [78], and (La,Sr)FeO3 [79]. Evidently,
�HA ≈ �HB is characteristic of the ABO3 structure.

Explanations for this behavior are also to be found in the
literature. The specific details may vary, but all explanations
require vA to be present for vB to migrate [71,77,80,81]. The
issue, essentially, is the activation barrier for the migration of
B-site cations being governed by repulsive Coulomb interac-
tions between a migrating B-site cation and the A-site cations
with which it comes into contact [80,81]. For a jump along
〈110〉, the migrating B-site cation comes into contact with
two A-site cations; for a curved jump round the oxide-ion
along 〈100〉, the migrating B-site cation comes into contact
with one A-site cation, and if that A-site cation is removed,
the B-site cation migrating along 〈100〉 comes into contact
with no A-site cation. The corresponding activation barriers
for vacancy migration decrease strongly in that order [80,81].
NB: experimental values of the activation enthalpy are gener-
ally in good agreement with calculated activation barriers for
vA migration. Monte Carlo calculations [82] with (vAvBvO)
clusters that enable concerted diffusion of A-site and B-site
cations [71] have shown that the ratio of diffusivities, DA/DB,
will be around unity.

B. The activation enthalpy of cation diffusion in SrTiO3

Comparing our results (�HD ≈ 3 eV) with the experimen-
tal data plotted in Fig. 1, we find that our results are close to
the two lowest experimental values (of 2.5 eV [23] and 2.8 eV
[36]) rather than to the higher values of ≈4 eV [37,38]. In this
way we confirm that a lower activation enthalpy is physically
reasonable for cation diffusion in SrTiO3. Furthermore, if we
assume that the concentration of cation vacancies does not
change as a function of temperature, so that �HD ≈ �Hmig,v,
our experiments confirm the prediction of Walsh et al. [40],
that oxygen vacancies can lower the migration barrier for the
migration of strontium vacancies.

Given, then, that two values are possible, �HD ≈ 4 eV and
�HD ≈ 3 eV, it is important to know under what conditions
each value will arise. We consider two factors to be important:
the ratio of the defect concentrations, [v′′

Sr] to [v••
O ] and the

temperature range of interest.
If there are many v′′

Sr and few v••
O , most of the cation

vacancies will be free, rather than in associates with oxygen
vacancies, and the activation enthalpy will be around 4 eV.
This is the case for donor-doped SrTiO3 under oxidizing con-
ditions and not excessively high temperatures [83], for which
the electroneutrality condition is [D•] = 2[v′′

Sr] � 2[v••
O ]. In

contrast, acceptor-doped SrTiO3 is characterized under oxi-
dizing conditions by [A′] = 2[v••

O ] � 2[v′′
Sr]; that is, there will

be more than sufficient v••
O present to form associates with v′′

Sr,
but the temperature has to be low enough for the associates to
form.

Bearing this in mind, we now turn to the literature compar-
ison in Fig. 9. Concentrating on the single-crystal datasets, we
see that acceptor-doped systems [(a),(b),(d)] exhibit far lower
Dsc

cat than samples with high cation-vacancy concentrations

FIG. 9. Comparison of cation diffusion coefficients obtained for
acceptor-doped and donor-doped SrTiO3 as a function of inverse
temperature for single-crystal (sc) and thin-film (tf) systems: (a), (b),
(c) (this study); (d), (e), Ref. [38]; (f), Ref. [37]; (g), Ref. [84].

[(e),(f) being donor doped; (g) referring to Si diffusion in
Si-implanted samples]. More importantly, we find that the lat-
ter datasets [(e),(f),(g)] have activation enthalpies of �HD ≈
4 eV, while the former acceptor-doped samples are character-
ized by �HD ≈ 4 eV at high temperatures but �HD ≈ 3 eV
at lower temperatures. The observed behavior is thus qualita-
tively consistent with the proposed model.

It is instructive to take a further step and consider the be-
havior of an acceptor-doped system quantitatively. That is, we
consider that cation diffusion occurs predominantly through
individual strontium vacancies v′′

Sr at higher temperatures,
with diffusion coefficient Di

Sr, and through strontium vacan-
cies associated with oxygen vacancies, (vSrvO)×, at lower
temperatures, with diffusion coefficient Da

Sr. The association
reaction,

v′′
Sr + v••

O � (vSrvO)×, (2)

is therefore required to lie on the left-hand side at higher
temperatures and on the right-hand side at lower temperatures.
Its equilibrium constant,

Ka(T ) = [(vSrvO)×]

[v′′
Sr][v

••
O ]

= K0
a e−�Ha/kBT , (3)

is thus characterized by a negative enthalpy of association
of, for example, �Ha = −1 eV. Assuming the total amounts
of strontium vacancies and oxygen vacancies to be constant
within the crystal, one can calculate [(vSrvO)×] and [v′′

Sr] as a
function of temperature [see Fig. 10(a)].

If one assumes that the associate can diffuse through the
crystal without dissociating, the overall rate of Sr diffusion is
then the sum of the two diffusion coefficients,

DSr = Di
Sr + Da

Sr. (4)

Each diffusivity can be expressed as the product of that par-
ticular defect diffusivity and the site fraction of that defect,

123404-6



BEHAVIOR OF CATION VACANCIES IN … PHYSICAL REVIEW MATERIALS 4, 123404 (2020)

FIG. 10. (a) Concentration of isolated and associated strontium
vacancies as a function of inverse temperature. (b) Defect diffusivi-
ties for isolated and associated strontium vacancies as a function of
inverse temperature. (c) Individual and total strontium diffusivities as
a function of inverse temperature. The total concentrations of stron-
tium vacancies and oxygen vacancies are assumed to be constant.

DSr = Dvi
[v′′

Sr]

[Sr×
Sr]

+ Dva
[(vSrvO)×]

[Sr×
Sr]

. (5)

Dvi (T ) was calculated from experimental data [38] (see
Ref. [85]); Dva (T ) is currently unknown, and so, values were
chosen to produce effects in the temperature range of interest.
Both defect diffusivities used as input in the model are shown
in Fig. 10(b). Combining the data in Figs. 10(a) and 10(b), we
obtain DSr plotted in Fig. 10(c).

Analysis of this data as a function of temperature re-
veals some interesting behavior. We calculated the activation
enthalpy of strontium diffusion over a rolling interval of
60 K according to �HD = −kB(∂ ln DSr/∂T −1); the results
are plotted in Fig. 11. This local activation enthalpy of Sr
diffusion varies between 2.5 eV and 4 eV, for this assumed
set of parameters, even though Dvi and Dva have activation
enthalpies of 3.9 eV and 2.9 eV. The more complex behavior
comes from the changes in the respective defect concentra-
tions with temperature.

Finally, in this section we note that the treatment so far
has taken the total concentration of strontium vacancies to be

FIG. 11. Local activation enthalpy of strontium diffusion as a
function of temperature obtained over a rolling interval of 60 K from
the DSr data shown in Fig. 10(c).

constant. If the samples are in thermodynamic equilibrium,
an additional term will contribute to the effective activation
enthalpy of Sr diffusion, the enthalpy of vacancy generation
(�Hgen) which reflects the increase in Sr-vacancy concen-
tration with increasing temperature. If the SrTiO3 sample is
governed by [A′] = 2[v••

O ] � 2[v′′
Sr], the additional term will

be equal to the enthalpy of SrO-partial Schottky disorder
(�HSch = 2.5 eV [11]), whereas if SrO-partial Schottky disor-
der dominates the electroneutrality condition, 2[v′′

Sr] = 2[v••
O ],

one finds �Hgen = �HSch/2. Thus, the effective activation
enthalpy of Sr diffusion in acceptor-doped SrTiO3 may take
a variety of values, from 2.5 eV (see Fig. 11) up to 6.5 eV
(= �Hmig,vi + �HSch). There is no one value for the activa-
tion enthalpy of Sr diffusion in SrTiO3.

C. Thin films versus single crystals

Examination of Fig. 9 emphasises that, despite the lower
diffusion temperatures, the cation diffusion coefficients for
the thin films are generally higher than those for the single
crystals. This was attributed (see Sec. III B) to the increased
concentrations of cation vacancies in PLD thin films, con-
firming results from earlier PALS studies [52,55]. In such
thin-film systems, the concentrations of cation vacancies are
determined by the deposition process, rather than by ther-
modynamics. Consequently, cation sublattices in thin-film
samples are not in equilibrium, and their defect populations
will vary according to the specific details of the deposition
process.

The second point of interest is how Dtf
cat varies with the

cation stoichiometry of the deposited films. A closer exami-
nation of Fig. 8 suggests that the Sr-rich films deviate from
the expected behavior. They generally show the highest cation
diffusion coefficients, but one would expect that they exhibit
the lowest, since Sr-rich films have few v′′

Sr, and such A-site
vacancies are necessary for cation diffusion to take place
(see Sec. IV A). One explanation for this discrepancy is the
presence of Ruddlesden-Popper type antiphase boundaries
in Sr-rich films. A recent study [86] on Sr-rich films has
shown that such antiphase boundaries act as fast paths for
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Sr diffusion relative to that in the SrTiO3 lattice. As a con-
sequence cation diffusion in such thin films is accelerated.

The third point of interest is appearance of two features in
the cation diffusion profiles. Such behavior was not seen for
the single crystal samples but only for the thin-film samples.
We tentatively ascribe this to a significant change in sam-
ple composition: More Ba and Zr was incorporated into the
thin-film samples, on account of the higher cation-vacancy
concentration. As a consequence, cation diffusion takes place
not in SrTiO3 but in a (Ba,Sr)(Zr,Ti)O3 solid solution. This
would change the defect thermodynamics, leading to fewer
cation vacancies associating with oxygen vacancies, and in
this way, cation diffusion takes place more slowly and with a
higher activation enthalpy.

V. CONCLUDING REMARKS

We have demonstrated the application of cation diffu-
sion experiments in order to probe the behavior of minority,
slow-moving cation vacancies in single-crystal and thin-film
samples of perovskite SrTiO3. Three points are emphasized.

Our results provide experimental evidence for Sr vacancies
migrating either alone or as part of associates with oxygen
vacancies. Such behavior adds a degree of complexity to the
process of cation diffusion in SrTiO3. Such behavior also em-
phasizes the difference between anion and cation transport in
ABO3 perovskites. Defect association reduces the diffusivity
of oxygen vacancies and increases the activation enthalpy of
oxygen transport [29]. In contrast, defect association increases
the diffusivity of strontium vacancies and decreases the acti-
vation enthalpy of cation diffusion. This accords well with the

hypothesis [25,85] that structural perturbations impede highly
mobile ions in oxides but accelerate comparatively immobile
ions.

Second, we confirm that epitaxial oxide thin films contain
high concentrations of cation vacancies, well above equilib-
rium values, and we are able to quantify the difference relative
to single-crystal samples. Such differences need to be taken
into account when studying electronic and ionic transport in
epitaxial thin films and heterostructures, since cation vacan-
cies, as acceptor-type defects, introduce states into the band
gap and interact strongly with oxygen vacancies. In addition,
the high cation-vacancy concentrations combined with the
higher mobility of (vSrvO)× associates lead to a comparatively
high cation diffusivity at relatively low temperatures.

Third, our results allowed us to construct a model that
quantitatively describes the complicated cation diffusion be-
havior as a function of temperature and defect concentration.
The model indicates that the effective activation enthalpy of
cation diffusion in SrTiO3 can take values from 2.5 eV up to
6.5 eV, depending on the temperature and whether the total
concentration of cation defects varies with temperature or not.
In this way it provides quantitative data that will aid in the in-
terpretation of fundamental processes (dislocation climb [87],
sintering [88,89], grain growth [89–91], and creep [92–94])
that involve the diffusion of cation vacancies.
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