
P H Y S I C A L R E V I E W L E T T E R S week ending
14 MARCH 2003VOLUME 90, NUMBER 10
Observation of Vacancy Defect Migration in the Cation Sublattice
of Complex Oxides by 18O Tracer Experiments
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We report on 18O tracer diffusion experiments and model calculations for the study of cation vacancy
migration in oxide crystals. The model takes advantage of the electrostatic coupling forces between
anion and cation defects that allow the evolution of the cation vacancy profile to be observed by anion
tracer experiments. Applied to SrTiO3, the ambipolar diffusion of strontium vacancies with HA �
3:5 eV was found to be the dominant reequilibration mechanism of the cation sublattice. This result is in
contrast to earlier studies proposing the formation of SrO intergrowth phases.
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FIG. 1. 18O tracer diffusion profiles. Filled squares: Charac-
teristic shape of the tracer profile obtained for Tdwell�1050	C,
�an�5d, �ex�30min, 0.2 at.% Nb. Open symbols: Influence of
Tdwell, oxygen annealing time �an, amount of dopant ND, and
Accompanied by the formation of oxygen vacancies (V ) tracer exchange time �ex (inset).
Ternary perovskite-type oxides (ABO3) show either
insulating, semiconducting, mixed electronic-ionic con-
ducting, or, at lowest temperatures, superconducting be-
havior. The respective electrical property of the material
is determined, at a given temperature, oxygen activity,
and thermal pretreatment, by the impurity dopant type
and level and, more decisively, by intrinsic self-doping
with donor-type oxygen vacancies and acceptor-type
cation vacancies. Oxygen vacancy formation and migra-
tion in perovskites, and also in other oxides, has been the
subject of numerous investigations [1–7]. It is well known
that, at moderate temperatures, the concentration of anion
lattice defects is correlated with the oxygen partial pres-
sure pO2 via point defect reactions. The defect reaction
[8] of oxygen vacancies (V��

O), electrons (e0), and regular
oxygen sites (O�

O ) is given by

1=2 O2�g� � 2e0 � V��
O !

ox
O�

O : (1)

The kinetics of transition of the anion sublattice is lim-
ited by oxygen vacancy migration [6]. At lower tempera-
tures, the surface reaction (1) becomes the rate-limiting
step [2]. Cation nonstoichiometry, which is predominant,
e.g., in donor-doped perovskites, has not yet been studied
in detail. Nonetheless, metal vacancies, formed at high
temperatures, are considered to play a key role in the bulk
conductivity of donor-doped and undoped oxides as well
as in the establishment of resistive grain boundaries [9].
Hence, a detailed understanding of the nature of cation
vacancy formation and migration is of broad scientific
and technological interest.

For the model material SrTiO3, Schottky-type defects
are assumed to form in the cation sublattice by an inter-
nal defect reaction [10,11]. The defect reaction of regular
metal ions (Sr�Sr) and regular oxygen ions reads as

O�
O � Sr�Sr!

ox
V 00
Sr � V��

O � SrORP phase: (2)

��
O
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and strontium vacancies (V 00
Sr), Eq. (2) predicts the estab-

lishment of rocksalt intergrowth layers [Ruddlesden-
Popper (RP) phases [12], AO � �ABO3�n] inside the
material. The kinetics of transition may be reaction con-
trolled. Experimental proof of an RP phase formation
according to Eq. (2) has not been given as yet. Instead,
recent studies indicate an alternative defect mechanism,
where strontium vacancies or the SrO-rich second phase
can be exclusively created at the surface of single crystals
(s.c.) [13]. Then, the reequilibration kinetics is limited by
cation diffusion. The point defect reaction of the cation
sublattice may then be written as follows:

1=2 O2�g� � 2e0 � Sr�Sr!
ox
V00
Sr � SrOsecond phase: (3)

This Letter presents a method consisting of 18O tracer
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FIG. 2. (a) SrO precipitates formed at the surface of 1 at. %
La-doped SrTiO3 s.c. after oxygen annealing at 1300 	C.
(b) Proposed reequilibration mechanism of the cation sublat-
tice: Increasing oxygen activity surface forces a fast formation
of SrO at the crystal surface (i). Strontium vacancies remaining
in the cation sublattice slowly diffuse into the crystal (ii).
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experiments and model calculations for studying the re-
equilibration mechanism of the metal sublattice in view
of diffusion or reaction control. In contrast to common
18O tracer experiments, where a uniform distribution of
oxygen vacancies is essential to evaluate the tracer dif-
fusion coefficient, this method takes advantage of the
spatial distribution of oxygen vacancies that evolves in
strong correlation with cation vacancy defects. The ex-
perimental part is based on a detailed parameter study of
18O tracer diffusion in donor-doped SrTiO3. Since SrTiO3

serves as model material, the method can be generalized
to perovskite-type or other oxidic compounds.

The procedure consists of a preannealing in 16O2 fol-
lowed by an isotope exchange in 18O2. First, reduced
(as-grown) (100)-oriented single crystals (Crystec, Ger-
many) with optical surface finish were oxidized in air for
an annealing period �an. Subsequently, the tracer experi-
ment was performed under constant thermodynamic con-
ditions (temperature, pO2) for different exchange times,
�ex 
 �an being chosen to ensure that no significant shift
of defect concentrations in the crystal occurs during the
exchange. In addition, temperature Tdwell and doping level
ND were varied. Tracer profiles were investigated by SIMS
(VG Simslab) using an Ar� primary beam of 7.5 keV.
Only 32O, 34O, and 36O were detected by a quadrupole
mass spectrometer to avoid a saturation of the secondary
ion detection system. The molar fraction of oxygen n�18O�
was calculated from the dimer intensities I�32�, I�34�,
and I�36�. Sputtered crater depths were determined by a
profilometer.

Figure 1 illustrates the tracer profiles obtained. Instead
of the expected classical error-function shape, all curves
reveal three regions. In the near-surface region, a pro-
nounced plateau is found. It is followed by an S-shaped
drop of the 18O concentration. In some experiments re-
gion three shows a linear tail. This behavior, which could
be associated with fast diffusion paths along extended
defects, like subgrain boundaries, will be neglected in the
discussion. The curve marked by filled squares represents
the typical tracer profile; curves depicted with open sym-
bols indicate the dependence on each experimental pa-
rameter. The penetration depth of the tracer profile
increases strongly with �an and Tdwell. Surprisingly, the
diffusion length decreases significantly with an increas-
ing amount of doping, whereas only a weak influence of
�ex was found.

In the analysis, both oxidation and tracer experiments
were simulated by numerical calculations. The underlying
model is based on the a priori hypothesis of a random
diffusion of all ionic and electronic defects (V 00

Sr, V
��
O, e0).

A sketch of the proposed mechanism is shown in
Fig. 2(b). The decisive role of strontium vacancies is
supported by the results of our previous work [13], where
a SrOx secondary phase as shown in Fig. 2(a) was found
at the surfaces of oxidized La-doped and Nb-doped
single crystals. Here the influence of temperature, amount
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of doping, and annealing time strongly suggest a slow in-
diffusion of cation vacancies as the rate-limiting process
in the equilibration kinetics. The formation of RP phases
was also studied by high resolution TEM. Since no evi-
dence for a formation of this defect type was found [14],
this mechanism is excluded in the present model.

Choosing a continuous medium approach, particle flux
densities ji of electrons, strontium vacancies, and oxygen
vacancies are given by

ji � �Di
dCi

dx
�

zi
jzij

�iCiE; i 2 fV��
O; V

00
Sr; e

0g; (4)

where Di denotes the self-diffusion coefficient, Ci the
particle concentration, �i (� jzijq0Di=kBT, Nernst-
Einstein relation) the mobility, zi the charge number,
and E the electric field inside the material, which is
calculated by the integral over the local space charge �
in each slice of the crystal. Applying Maxwell’s first
equation and the material equation, we obtain E for a
donor content ND:

��x� � q0
X
k

zkCk�x�; k 2 fV��
O; V

00
Sr; e

0; N�
Dg; (5)

E�x� �
1

"

Z x

0
����d�; (6)

where q0 denotes the elementary charge and " is the
low-frequency permittivity. The field dependence of "
was neglected for simplicity. The electric field originates
from local space charges created by a shift in the centers
of charge of mobile majority defects. In the studied
system, it couples the diffusion of majority defects
(e0; V00

Sr) and minority defects (V��
O). Hence, the diffusion

of strontium vacancies leaves a ‘‘footprint’’ in the oxygen
sublattice that can be experimentally observed by the 18O
tracer. Boundary conditions for oxygen vacancies and
strontium vacancies were derived from Eqs. (1) and (3).
Hereby, both surface reactions were assumed to be fast.
The surface concentration of electrons was calculated
105901-2
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from the global electroneutrality condition. The following
discussion will treat the case of oxidation in agreement
with the experimental procedure. According to Eqs. (1)
and (3), a high oxygen activity will cause an increase of
strontium vacancies at the surface, while the concentra-
tion of electrons and oxygen vacancies will decrease.
Using a finite differences method, the evolution of the
defect profiles and the electric field was calculated by
solving the convection-diffusion Eq. (4) for all mobile
species. Material constants, self-diffusion coefficients of
electrons and oxygen vacancies, and mass action coeffi-
cients were taken from the related literature [6,11,15].

The self-diffusion coefficient of the cation vacancies
was determined by fitting model simulations to experi-
mental data (see next section). Results are shown in Fig. 3.
Arrows denote the evolution of the concentrations and of
the internal electric field. As expected, strontium vacan-
cies diffuse into the bulk and electrons migrate towards
the surface. A negative internal electric field is formed by
local space charges that accelerates the ionic and slows
down the electronic species. A minority flux of oxygen
vacancies also occurs, revealing an unexpected result.
After a fast drop of the concentration in the whole crystal
(not shown), an enrichment of oxygen vacancies against
the concentration gradient is observed (‘‘uphill diffu-
sion’’). It is ascribed to the negative internal field that
drives the positively charged anion vacancies towards the
surface. As shown in Fig. 3, the local variation of the
oxygen vacancy concentration is found to be very sensi-
tive to the reequilibration process in the cation and the
electronic sublattice. In the following, we will elucidate
the influence of an oxygen vacancy enrichment situated in
FIG. 3. Simulated concentration profiles for strontium vacan-
cies, electrons, oxygen vacancies as well as the spatial variation
of the internal electric field during oxidation of SrTiO3 (pa-
rameter: elapsed time). The negative field is mainly created by
the Coulomb interaction between electrons and strontium va-
cancies (ambipolar diffusion).
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the near-surface region on the shape of the 18O tracer
depth profile. Equation (7) links the tracer diffusion co-
efficient DTr

O and the oxygen vacancy concentration [16]:

DTr
O �x� � f�

�V��
O��x�
�O�

O �
Dself
VO
; f � 0:68: (7)

Here f denotes the correlation factor for tracer diffusion
in cubic lattices and Dself

VO
represents the self-diffusion

coefficient of oxygen vacancies.
Figure 4 shows the tracer diffusion coefficient versus

penetration depth calculated from Eq. (7). Because of the
enrichment of oxygen vacancies, the highest diffusion
coefficient is located at the surface. For a calculation of
the temporal and spatial evolution of the 18O profile from
the tracer diffusion coefficient, we combined Fick’s law
and the continuity equation:

@�18O�
@t

� DTr
O �

@2�18O�

@x2
�
@DTr

O

@x
�
@�18O�
@x

: (8)

Here �18O� denotes the oxygen tracer concentration.
According to the simulation results in Fig. 4, the tracer
profile can be reproduced in all details. The field-induced
enrichment of oxygen vacancies at the surface is regarded
as the key feature of the model. It yields a tracer diffusion
coefficient that exceeds the bulk value by up to 5 orders of
magnitude and leads to the nonconventional S-shape re-
gime in the tracer profile due to a marked decrease in the
tracer diffusion coefficient.

A variation of the cation vacancy self-diffusion coef-
ficient in our model even permits quantitative agreement
to be achieved. With respect to the variation of all experi-
mental parameters, we found excellent agreement be-
tween model predictions and experimental data by the
use of a temperature-dependent cation self-diffusion co-
efficient. This contribution focuses on the temperature
dependence. The dependence on other parameters will
FIG. 4. Spatial variation of the 18O tracer diffusion coeffi-
cient calculated from the oxygen vacancy profile taken from
Fig. 3 (left). The proposed model explains the characteristic
evolution of the tracer profile, which originates from the high
tracer diffusion coefficient in the near-surface region and the
low diffusion coefficient in the interior of the crystal (right).
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FIG. 5. (Left) Experiments (symbols) and model cal-
culations (lines) of 18O tracer profiles as a function of tem-
perature for 0.2 at. % Nb-doped SrTiO3. The strontium vacancy
self-diffusion coefficient Dself

VSr
was varied for best match.

(Right) Arrhenius plot of Dself
VSr

and DTr
Sr � Dself

VSr
� �V00

Sr�=�Sr
�
Sr�.
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be reported in detail in a forthcoming paper. Figure 5
illustrates experimental data and simulations covering the
studied temperature range between 1050 	C and 1300 	C.
Self-diffusion coefficients of strontium vacancies Dself

VSr

were determined by comparing numerical data with ex-
perimental curves. For a dopant content of about 0.2 at.%,
Dself

VSr
�T� reveals an Arrhenius behavior:

Dself
VSr

�T� � 10�3 exp

�
�
3:5 eV

kBT

��
cm2

s

�
: (9)

For higher dopant concentrations, a weak tendency of
Dself

VSr
to increase was observed. The activation enthalpy

of 3.5 eV found in our study is higher than the value of
2.5 eVobtained from ab initio calculations [17]. Avalue of
2.8 eV was determined for 1.1 at.% Nb-doped �SrCa�TiO3

ceramics using an impedance spectroscopy technique to
study the oxidation of grain boundaries [18]. Concerning
a Schottky-type reaction inside the crystal by a forma-
tion of RP phases, we were not able to explain the shape
of the tracer profile nor its dependence on the experi-
mental parameters. Hence, we concluded that the diffu-
sion of cation vacancies from the surface into the bulk is
the dominant reequilibration mechanism and the rate-
limiting step in the equilibration process studied.

In summary, we report here on a new method for
studying cation vacancy diffusion by 18O tracer experi-
ments. The underlying idea is to take advantage of the
electrostatic forces between charged defects in the dif-
ferent crystal sublattices, which allows the evolution of
cation vacancies by oxygen vacancies to be observed.
105901-4
Applied to donor-doped SrTiO3, the oxidation of reduced
single crystals was found to be governed by the outward
diffusion of strontium, i.e., the inward diffusion of stron-
tium vacancies, and not by the formation of RP phases. A
quantitative determination of the strontium vacancy self-
diffusion coefficient as a function of temperature was
carried out by matching experimental data with model
calculations. We regard this combination of experiment
and model simulations to be a potential method for im-
proving fundamental knowledge on cation vacancy for-
mation and migration in similar material systems where
tracer mobility is too low (see, e.g., Fig. 5) to perform
conventional cation tracer studies.
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