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Oxygen diffusion in single crystal barium titanate

Markus Kessel, Roger A. De Souza* and Manfred Martin

Oxygen diffusion in cubic, nominally undoped, (100) oriented BaTiO3 single crystals has been studied by

means of 18O2/
16O2 isotope exchange annealing and subsequent determination of the isotope profiles in

the solid by time-of-flight secondary ion mass spectrometry (ToF-SIMS). Experiments were carried out

as a function of temperature 973 o T/K o 1173, at an oxygen activity of aO2 = 0.200, and as a function

of oxygen activity 0.009 o aO2 o 0.900 at T = 1073 K. The oxygen isotope profiles comprise two parts:

slow diffusion through a space-charge zone at the surface depleted of oxygen vacancies followed by

faster diffusion in a homogeneous bulk phase. The entire isotope profile can be described by a single

solution to the diffusion equation involving only three fitting parameters: the surface exchange

coefficient ks*, the space-charge potential F0 and the bulk diffusion coefficient D*(N). Analysis of the

temperature and oxygen activity dependencies of D*(N) and F0 yields a consistent picture of both the

bulk and the interfacial defect chemistry of BaTiO3. Values of the oxygen vacancy diffusion coefficient

DV extracted from measured D*(N) data are compared with literature data; consequently a global

expression for the vacancy diffusivity in BaTiO3 for the temperature range 466 o T/K o 1273 is

obtained, with an activation enthalpy of vacancy migration, DHmig,V = (0.70 � 0.04) eV.

1. Introduction

Barium titanate, BaTiO3, is a perovskite-type oxide that finds

application in various modern electroceramic technologies,

such as multilayer ceramic capacitors (MLCCs),1–5 ferroelectric

random access memories (FRAM),6,7 and (positive temperature

coefficient) PTC resistors.8,9 In all these applications the migra-

tion of oxygen vacancies is thought to play a central role, either

in producing and preparing devices for use, or conversely,

in determining degradation and failure mechanisms. As a

consequence, the migration of oxygen vacancies in various

BaTiO3 systems has been studied with a variety of methods.

On the macroscopic level, equilibrium ion conductivities sion,
10,11

chemical diffusion coefficients Dd 12 and tracer diffusion coeffi-

cients D* 13–18 have been measured for nominally undoped,19–24

donor-doped,20,25 and acceptor-doped23 polycrystalline materials

and for nominally undoped21,24 and acceptor-doped26 single

crystals. On the microscopic level, vacancy motion has been

examined by electron paramagnetic resonance (EPR),27 relaxation

techniques,28–31 and classical32,33 and quantum mechanical34

simulations. There is, however, considerable scatter in both the

magnitude of the vacancy diffusivity DV at given temperature, and

its temperature dependence, namely the vacancy migration

enthalpy, DHmig,V.

In this study we examined oxygen tracer diffusion in cubic,

nominally undoped, (100) oriented BaTiO3 single crystals by

means of 18O2/
16O2 isotope exchange annealing and subsequent

determination of the isotope profiles in the solid by time-of-

flight secondary ion mass spectrometry (ToF-SIMS). Although

the technique is well established,35–37 its application to single

crystal BaTiO3 is far from trivial because of two phase transitions

that the material undergoes. These transitions are from the high-

temperature, cubic, paraelectric phase to a tetragonal, ferro-

electric phase at T = 393 K, and then to an orthorhombic

ferroelectric phase at T = 283 K (a further transition to a

rhombohedral phase at T = 183 K is of no relevance here).38,39

The t- o transition is a problem as it results in the catastrophic

destruction of single crystals. Samples have to be kept, therefore,

above this temperature for the entire duration of the experiment,

including the ToF-SIMS analysis. The c - t transition presents

problems, essentially because of the appearance of the ferro-

electric domains. Single crystals of barium titanate are, on

account of the ferroelectric domains, much more difficult to

polish and typically show a higher surface roughness than other

perovskite oxide single crystals, such as SrTiO3. Furthermore,

upon cooling samples down from the high temperatures of

the isotope annealing experiments to room temperature, ferro-

electric domains form, and these are often small and numerous,

which exacerbates charge compensation of insulating barium

titanate during SIMS analysis. Poor charge compensation leads

to switching of domains and, in the worst case, to microcracking

of the samples.40
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An additional complexity in investigating oxygen transport

in cubic, acceptor-doped BaTiO3 is the possible presence of an

equilibrium space-charge layer at the surface. This possibility

has been ignored in the literature up to now, but given the

evidence for such space-charge layers at the surfaces of both

SrTiO3 (ref. 41–44) and PbZrxTi1�xO3,
45 the presence at the

(100) surface of BaTiO3 is to be expected. The tracer diffusion

coefficient within the space-charge layer is position dependent

and lower than in the bulk. Thus, a correct description of the

isotope diffusion profiles requires the analysis of isotope

diffusion through the surface space-charge layer.

The aim of this study is to use tracer diffusion experiments

to characterize oxygen transport in BaTiO3 and to obtain a

consistent description of both the bulk and the interfacial

defect chemistry of BaTiO3. The former is realised by analysing

the dependence of the tracer diffusion coefficient D*(N) on

temperature T and oxygen activity aO2; the latter, by analysing

the dependence of the space-charge potential F0 on tempera-

ture T and oxygen activity aO2.

2. Concentrations of point defects

One characteristic of alkaline earth titanate perovskites is that

nominally undoped samples are in fact weakly acceptor-doped

from impurities.23,46,47 The single crystal samples of BaTiO3

used in this study are no different: chemical analyses (see

Section 4) and the experimentally determined bulk diffusion

coefficients (see Section 5.3) confirm the presence of a small

amount of a fixed valent acceptor dopant.

2.1 Bulk defect chemistry

The charge neutrality equation for acceptor-doped BaTiO3

under dry conditions at T o 1273 K reads

cdop þ ce0 ¼ 2cV��
O
þ ch� ; (1)

where cdef is the concentration of defect def. cdop is the effective

dopant concentration of acceptor-like species (and includes

impurity cations and frozen-in cation vacancies minus the

concentration of donors)

cdop ¼
X

A

zdefj jc
A

zdefj j
0

Ti

þ 2cV00
Ba
þ 4cV0000

Ti
�
X

D

zdefj jc
D zdefj j� (2)

(zdef is the charge number of the defect). The other point

defects of importance are oxygen vacancies (V��
O ), electrons

(e0) and electron holes (h�), and their concentrations are

governed by two defect chemical equilibria:26

(1) the reduction of the oxide creating oxygen vacancies and

electrons

O�
O Ð 1

2
O2ðgÞ þ V��

O þ 2e0 (3)

with the equilibrium constant of the reduction

KRedðTÞ ¼ aO2ð Þ1=2cV��
O

ce0ð Þ2 (4)

where aO2 is the activity of oxygen.

(2) the generation of electrons and holes by thermal excita-

tion across the band gap

0 " e0 + h� (5)

with the intrinsic electronic excitation equilibrium constant

Ki(T) = ce0ch�. (6)

Combining eqn (1), (4) and (6) one can calculate defect con-

centrations in the bulk phase as a function of T, aO2 and cdop.

Various sets of numerical parameters for the equilibrium

constants KRed(T) and Ki(T) are given in the literature.25,26,48,49

Here the values given by Song and Yoo are used.

For the range of temperatures and oxygen activities present

in this study, eqn (1) may be approximated as

cdop � 2cV��
O
4 ch� � ce0 ; (7)

i.e., acceptor dopants are compensated by oxygen vacancies in

the bulk phase. This approximation is not necessarily valid for

the surface space-charge zone.

2.2 Interfacial defect chemistry

We consider the single crystal as a two-phase system: a thin,

structurally different surface region (interface core) in contact

with a semi-infinite bulk phase. We assume that the Gibbs

formation energy of the point-defect building unit {def}, g{def},

will change abruptly across the junction between core and bulk

phases.50 If the building unit {def} is sufficiently mobile, it

will redistribute between these two phases. At the end of the

redistribution process, the core will be electrostatically charged,

with the compensating space-charge zone in the adjacent bulk

region. Fig. 1 shows schematically the situation for the case of

vacancy re-distribution from bulk to core driving space-charge

formation in acceptor-doped BaTiO3.

An equilibrium space-charge layer has formed when the

electrochemical potentials of all mobile defects are constant

throughout the system, r~m{def} = 0.42,50,51 We assume that the

electrochemical potential of building unit {def} in the bulk and

in the interface core takes the standard form.51,52 Consequently

one can relate the thermodynamic driving energies Dg{def} to

the space-charge potential F0:

kBT ln
ccdef

Nc
def � ccdef

� kBT ln
cbdef

Nb
def � cbdef

þ Dgfdefg þ zdefeF0 ¼ 0;

(8)

where Ndef is the density of available sites for the building

unit {def}.

As the space charge is compensated exactly by the charge of

the surface core, we can write: Qsc + Qc = 0; or explicitly,

e0er
df

dx

�

�

�

�

x¼0

þ wc

X

def

zdefe ccdef � cbdef
� �

¼ 0; (9)

where wc is the thickness of the core. Qsc [i.e. the first term in

eqn (9)] is obtained from the solution of the Poisson equation,

which connects the electrical potential profile in the space-

charge layer to the point-defect distributions:

e0er
d2f

dx2
¼ �e

X

def

zdefc
b
def ðxÞ; (10)
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The two boundary conditions are f(0) � f(N) = F0 and

rf(N) = 0. e0er is the dielectric permittivity [with er = 1.2 �

105/(T/K – 393)].39

In essence, F0 and ccdef are calculated by solving eqn (8)–(10)

numerically in a self-consistent fashion, for given aO2, T and

cdop, with Dg{def}, Ndef, and cbdef as input parameters.

In this study, the following values were used: the interface

core width wc = a/2, NV��
O
;c ¼ NV��

O
;b ¼ 4:69� 1028 m�3, Nh�,c =

Nh�,b = 4.69 � 1028 m�3 and Ne0,c = Ne0,b = 1.56 � 1028 m�3.

3. Tracer diffusion through space-
charge layers

An oxygen isotope anneal experiment consists, first, of bringing

the oxide sample into equilibrium with the gas phase, and

subsequently during the isotope anneal, of exchanging isotopes

between the sample and the gas phase. This means that defect

concentrations in the equilibrium space-charge layer do not

change during the isotope anneal. As a consequence one can

treat tracer diffusion though an equilibrium space-charge layer

in two, separate steps:42

(1) In the first step point-defect concentrations in the space-

charge zone are calculated by solving Poisson’s equation of

electrostatics:

e0err
2f ¼ ecdopðxÞ � 2ecV��

O
ðxÞ � ech�ðxÞ þ ece0ðxÞ

¼ ecdopðxÞ � 2ecV��
O
ð1Þe

�2effðxÞ�fð1Þg
kBT

� ech�ð1Þe
�effðxÞ�fð1Þg

kBT þ ece0ð1Þe
effðxÞ�fð1Þg

kBT :

(11)

(2) In the second step, the isotope diffusion profile is obtained

by solving the diffusion equation with a position-dependent

tracer diffusion coefficient D*(x) obtained in the first step,

D�ðxÞ ¼ f �DV

cV��
O
ðxÞ

cO�
O
ðxÞ

� D�ð1Þe
�2effðxÞ�fð1Þg

kBT ; (12)

where f* is the tracer correlation coefficient (and for an ABO3

perovskite-type oxide f* = 0.69)53 and DV is the oxygen-vacancy

diffusion coefficient. As demonstrated in ref. 42 the diffusion

equation for the isotope fraction n* results as

@n�ðx; tÞ

@t
¼ �

2erfðxÞ

kBT
D�ðxÞ 1�

cV��
O
ðxÞ

cO�
O
ðxÞ

 !

rn�ðx; tÞ

þD�ðxÞr2n�ðx; tÞ:

(13)

For this second step of the numerical procedure two boundary

conditions and an initial condition are required. The boundary

conditions were n*(N,t) = nbg* with the natural abundance of

the tracer nbg* = 0.002 and an equation for the incorporation of

the tracer at the gas–solid interface,54

�DO*(0)rn*(x,t)|x=0 = ks*[ng* � n*(0,t)], (14)

where ks* is the isotope surface exchange coefficient (and

includes transport through the core between x = �wc and

x = 0) and ng* the isotope fraction in the gas phase. The initial

distribution of the labelled isotope n*(x,0) is given by the

natural abundance of 18O, nbg* = 0.002.

Calculation of the entire theoretical tracer diffusion profile

in these two steps was done numerically with COMSOL Multi-

physics 3.5A (COMSOL AB, Stockholm, Sweden), which is based

on the finite element method. Within the geometry of a semi-

infinite medium the mesh sizes were varied: whereas the mesh

was chosen to be very fine within the space-charge zone, much

coarser mesh sizes were used for the bulk region. A test series

Fig. 1 Schematic illustration of space-charge formation at the surface of an
ionic solid, based on the abrupt (core|space-charge) model.50 After cleaving a
crystal to form a surface at a sufficiently low temperature, we recognise that
(a) defect concentrations remain unaltered, but relaxation of the uppermost
atomic layers generates a structurally different region, the core (�wc r xr 0),
in which (b) the standard chemical potential of oxygen vacancies (as building
units) is lower than in the bulk, Dg{V} = gc{V} � gb{V} o 0. Allowing the oxygen
vacancies to redistribute by raising the sample to an intermediate temperature
leads to (c) the formation of an equilibrium Mott–Schottky space-charge layer.
lsc represents the extent of the space-charge layer.42
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showed that the computing times could be reduced drastically

while keeping the required accuracy in terms of spatial resolu-

tion without any numerical artefacts.

4. Experimental
4.1 Analyzed samples

Single crystal slabs of (100) oriented, nominally undoped

barium titanate, polished to dimensions of 5 mm � 5 mm �

0.5 mm, were obtained from CrysTec GmbH (Berlin, Germany).

One of the samples was analyzed by laser ablation induc-

tively coupled plasma mass spectrometry (LA-ICP-MS) at the

Forschungszentrum Jülich, Germany on a Agilent 7500ce

(Agilent Technologies, Inc., Santa Clara, CA, USA) with New-

Wave UP266 (Electro Scientific Industries, Inc., Portland, OR,

USA). In Table 1 the found impurities are listed, together with

assumed oxidation state and effective acceptor dopant level. As

the applied ICP-MS measurements are semi-quantitative, all

values are given with an error of �50%. Nevertheless, the

method is sufficient to identify the impurity elements and to

determine their approximate concentrations: the total effective

concentration of acceptor dopants is (304 � 152) ppm or (4.7 �

2.4) � 1024 m�3, with Zn showing the highest concentration.

4.2 Isotope exchange experiments

Prior to the isotope exchanges, the polished BaTiO3 samples

were equilibrated for a duration of ten times the exchange time

at the required aO2 in oxygen of natural isotopic abundance.

Then the samples were annealed for a time tex in
18O-enriched

oxygen gas at the same aO2 and T. Even for the lowest aO2, the

volume of the exchange apparatus was large enough such that

negligible depletion of 18O from the gas phase occurred during

the exchanges.56 The sample temperature was monitored by a

Pt–Pt/Rh thermocouple situated directly under the sample.

Diffusion times were corrected for heating and cooling periods.

4.3 SIMS isotope analysis

All diffusion profiles were measured by time-of-flight secondary

ion mass spectrometry (ToF-SIMS) on a TOF-SIMS IV machine

(ION-TOF GmbH, Münster, Germany). For all ToF-SIMS

analyses the pressure in the main chamber was below

1 � 10�9 mbar. Two types of SIMS measurements were con-

ducted: on each sample we measured short profiles up to a

depth of 200 nm and long profiles up to 20 mm in order to

obtain both the profile through the surface-space charge and

the profile in the uniform bulk phase with appropriate resolu-

tion. For the short profiles 15 keV Ga+ ions were used for ToF

analysis and 1 keV Cs+ ions for sputtering. For the longer

profiles 25 keV Ga+ ions were used for ToF analysis (higher

beam energy to receive the optimum signal-to-noise ratio for

low 18O intensities towards the end of the profiles) and 2 keV

Cs+ ions were used for sputtering. In both cases a beam of

electrons with o20 eV was used for charge compensation. As

noted in the Introduction, charge compensation is one of the

critical aspects in realizing high-quality SIMS measurements on

BaTiO3 single crystals, primarily in order to prevent switching

of the ferroelectric domains, which may lead to microcracking

effects.40 We ascertained that SIMS analysis of single crystal

BaTiO3 was only successful when performed with low sputter

currents and with careful charge compensation within a single

and large ferroelectric domain.

All measurements were performed in bunched mode41 and

the isotope fraction calculated from the molecular-ion signals

according to:42

n�ðxÞ ¼
c18O

c16O þ c18O
¼

I 18O16O�
� �

2I 16O16O�ð Þ þ I 18O16O�ð Þ
: (15)

Solutions of the diffusion equation are formulated in terms of

the corrected isotope fraction

nr
�ðxÞ ¼

n�ðxÞ � nbg
�

ngas� � nbg�
: (16)

ngas*, the 18O isotope fraction in the annealing gas, was

determined prior to the exchange experiments by SIMS analysis

of a single crystal of silicon oxidized in the corresponding

atmosphere, resulting in ngas* = 0.937 � 0.002. nbg* is the

measured background isotope fraction, which is the isotope

fraction in a sample that has only been equilibrated. SIMS

analysis of such a specimen yielded nb* = (0.20 � 0.05) � 10�2,

which is, within experimental error, the natural abundance.57

Crater depths were determined post-analysis by interference

microscopy on a Wyco NT1100 (Veeco Instruments Inc., Plain-

view, NY, USA).

5. Results and discussion
5.1 Dopant distribution in the space-charge layer

For the times and temperatures of the exchange experiments,

oxygen vacancies, electron holes and electrons are all suffi-

ciently mobile to attain equilibrium within the space-charge

zone (r~m{def} = 0). What about the cations? Cation diffusion in

BaTiO3 is generally thought to become appreciable only at

much higher temperatures;40,58,59 on the other hand, the

diffusion distances involved in dopant accumulation in the

space-charge zone are small, and therefore appreciable cation

mobility is not necessarily required. In other words, various

Table 1 Impurity elements, oxidation states as dopants in perovskites,
likely site, concentration in weight-ppm and effective concentration as
acceptor dopant Ac0Ti determined by ICP-MS analysis

Element
Probable
valencies Likely site55 c/wt-ppm

Effective
cdop/ppm

Al 3+ Ti o14 o123a

Mn 2+, 3+, 4+ Ti o217 o88a

Fe 3+, 4+ Ti o40 o167a

Cu 1+, 2+ Ti 6.4 � 3.2 47 � 24
Zn 2+ Ti 32 � 16 225 � 113
Y 3+ Ba + Ti 7.1 � 3.6 19 � 10
Eu 2+, 3+ Ba + Ti 8.2 � 4.1 13 � 7

Sum 304 � 152

a Concentrations below the detection limit of the method; these values
were not included in calculating the total dopant concentration.
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scenarios are possible: the dopant cation may be immobile

and its concentration profile is therefore constant, (rcdop = 0)

(this is sometimes termed the Mott–Schottky case);60,61 it may

possess sufficient mobility and be given sufficient time, such

that it is in electrochemical equilibrium, (r~mdop = 0) (this is

sometimes termed the Gouy–Chapman case);61 and time

and/or mobility were neither negligible nor sufficient, and the

profile is therefore neither of the extremes described above, but

an intermediate case [(rcdop a 0) and (r~mdop a 0)].61,62

Rather than make an assumption we determined experi-

mentally the cation concentration profiles. Specifically we used

the parallel detection of ToF-SIMS to extract ZnO�, TiO� and

BaO� intensity profiles from the same ToF-SIMS depth profiles

used to determine the isotope fraction profiles. We focus on the

profile of the main dopant, zinc (see ICP-MS analysis, Table 1).

In order to normalize the Zn signal with respect to a matrix

species, one must take care to avoid mass interferences that

arise not only from Zn and Ti both having five stable isotopes,

but also from the oxygen isotope profile. As described in the

Appendix, we found that the zinc intensity is best normalized

according to

normalized Zn intensity ¼
Inorm:ðxÞ

Inorm:ð1Þ
¼

I64Zn16O�ðxÞ

I46Ti16O�ðxÞ

I64Zn16O�ð1Þ

I46Ti16O�ð1Þ

: (17)

In Fig. 2 we show a normalized zinc intensity profile through

the space-charge layer after an isotope exchange experiment.

The zinc profile is essentially constant; there is a slight decrease

over the first 2–3 nm, and this may be attributed to organic

contaminations influencing the signals at mass 62 (50Ti12C�

interfering with 46Ti16O�). In any case, the dopant concen-

tration does not increase towards the surface. Hence, we

conclude that the dopant is immobile within the space-

charge layer.

5.2 Comparison of theoretical and experimental profiles

A typical oxygen tracer diffusion profile obtained for single

crystal BaTiO3 is shown in Fig. 3. As expected,42,43,45,63 two

profile features were observed, which can be attributed to the

surface space-charge layer, at short depths, and the normal

bulk diffusion profile thereafter. In order to obtain values for

D*(N), ks* and F0, we compared visually experimentally deter-

mined and numerically calculated isotope profiles. The first

0.5 nm to 2 nm of each experimental profile were discarded,

as this region corresponds to the interfacial core, and the

numerical solution includes only the space-charge layer and the

bulk phase.42 This does not affect the values of D*(N) obtained

here (as the bulk profiles extend several micrometers), but it does

give rise to some uncertainty in the values of ks* and F0. These are

of the order of 10%, and thus acceptably small. It was found that

with a doping concentration cdop = 160 ppm = 2.5 � 1024 m�3 all

profiles could be described well. This value is in good agreement

with results of the semi-quantitative ICP-MS analysis (see Table 1).

5.3 Analysis of tracer diffusion coefficient D*

Tracer diffusion coefficients D*(N) are plotted as a function of

oxygen activity aO2 and temperature T in Fig. 4(a) and (b)

respectively. From the former one sees that D*(N) is indepen-

dent of oxygen activity. On the basis of the definition of the

tracer diffusion coefficient [see eqn (12)],

D�ð1Þ ¼ f �DV

cV��
O
ð1Þ

cO�
O
ð1Þ

; (18)

this result clearly indicates that the defect chemistry of this

nominally undoped material is determined by acceptor-dopant

impurities of fixed valence:

mD�ð1Þ ¼
@ lnD�ð1Þ

@ ln aO2

� �

T

�
@ ln cV��

O

@ ln aO2

� �

T

� 0 (19)

Fig. 2 Typical normalized zinc intensity profile in the first 30 nm of a
single crystal. For each data point of the depth profile the normalized
intensity is calculated as given by eqn (17) and solving several mass
interference issues (see Appendix).

Fig. 3 Corrected isotope fraction nr* against depth obtained from experi-
ment (open circles) and numerical simulation (red line). The inset is an
enlargement of the first 25 nm. Isotope anneal at T = 1023 K, aO2 = 0.20
for tex = 1929 s. Best fit obtained for cdop = 160 ppm = 2.5 � 1024 m�3,
D*(N) = 4.6 � 10�15 m2 s�1, ks* = 1.9 � 10�11 m s�1, F0 = 0.47 V.
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This is in good agreement with the results of the ICP-MS

analysis (see Table 1).

In Fig. 4(b) the temperature dependence of the diffusion

coefficients D*(N) is shown. Arrhenius-type behavior is seen:

D�ð1Þ ¼ D0ð1Þe
�
DHD�ð1Þ

kBT : (20)

The activation enthalpy of isotope diffusion is determined to be

DHD*(N) = (0.68 � 0.06) eV. From eqn (21) one sees that DHD*(N)

can be expressed as the sum of the migration enthalpy and the

generation enthalpy of oxygen vacancies:

DHD�ð1Þ ¼ �
@ lnD�ð1Þ

@ 1=kBTð Þ

� �

¼ �
@ lnDV

@ 1=kBTð Þ

� �

�
@ ln cV��

O

@ 1=kBTð Þ

� �

¼ DHmig;V þ DHgen;V

(21)

As shown in Fig. 4(a) the defect chemistry of the samples is

determined by acceptor-dopant impurities of fixed valence. This

means the bulk charge neutrality condition is cdop ¼ 2cV��
O
.

Therefore, the concentration of oxygen vacancies is indepen-

dent of temperature, and the generation enthalpy of oxygen

vacancies DHgen,V is therefore zero. Consequently, the experi-

mentally determined activation enthalpy is equal to the

migration enthalpy of oxygen vacancies DHD*(N) = DHmig,V =

(0.68 � 0.06) eV.

A comprehensive comparison with literature data is pre-

sented in Section 5.6, together with a detailed discussion

of the data.

5.4 Analysis of surface exchange coefficient k*

The behavior of the surface exchange coefficient ks* as a

function of aO2 and T is shown in Fig. 5(a) and (b) respectively.

As a function of oxygen activity, the surface exchange coefficient

ks* can be described by a power law

ks
� / aO

mks�

2 (22)

with the power-law exponent mks*
. The fit to this behaviour is

shown in Fig. 5(a), and yields mks*
= 0.36 � 0.07.

Fig. 4 Tracer diffusion coefficient D*(N) (a) as a function of oxygen
activity aO2 (at T = 1073 K) and (b) as a function of temperature T

(at aO2 = 0.2). The closed circles correspond to data points extracted
from the measured diffusion profiles, the red lines show the best fits.

Fig. 5 Oxygen tracer surface exchange coefficient ks* (a) as a function of
oxygen activity aO2 (at T = 1073 K) and (b) as a function of temperature
T (at aO2 = 0.2). The closed circles correspond to data points extracted
from the measured diffusion profiles, the red lines show the best fits.
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De Souza54 found a universal empirical expression for the

dependence of ks* on aO2,

@ ln ks
�

@ ln aO2

¼
1

4
�
1

2

@ ln cV
@ ln aO2

; (23)

that was able to explain the power-law exponents of five

acceptor-doped perovskite and fluorite oxides. As shown in

Fig. 4(a) the oxygen vacancy concentration in the bulk does

not change with aO2 as it is fixed by the impurity acceptor

doping. Eqn (23) would predict, therefore, a slope ofmks*
= 0.25.

Although the experimental value is within two standard devia-

tions of this predicted value, the large error precludes further

analysis.

Fig. 5(b) shows the temperature dependence of the surface

exchange coefficients, and yields an activation energy of DHks*
=

(2.15 � 0.13) eV. There are no comparable data in the literature

for undoped or acceptor-doped BaTiO3. For Fe-doped SrTiO3 a

slightly higher activation energy of (2.7–2.9) eV was found.64 For

nominally undoped single crystals of strontium titanate a value

of (3.2 � 0.5) eV was reported recently.43

5.5 Analysis of space-charge potential U0

In Fig. 6 we plot the space-charge potentialsF0 extracted from the

analysis as a function of oxygen activity aO2 and temperature T.

The space-charge potential, it is emphasized, is not a material-

specific parameter; by analysing the dependences of F0 on aO2

and T, however, one can obtain the material- (and interface-)

specific parameters, that is, the fundamental driving energies for

space-charge formation Dg{def} = gc{def} � gb{def}.
51

There are two possibilities that lead to a space-charge layer

depleted of oxygen vacancies, that is, to positive space-charge

potentials: Dg V��
Of go 0;Dg h�f g o 0. The simplest approach

would take only one driving energy and to set all others to

zero. For example, Dg V��
Of ga0 and Dg{h�} = Dg{e0} = 0. Surpris-

ingly, one can describe the variation of F0 with both aO2 and T

with Dg V��
Of g ¼ �1:40 eV, as shown in Fig. 6. This is surprising

because a value of Dg V��
Of g ¼ �1:42 eV was obtained for nom-

inally undoped SrTiO3 single crystals,43 and these (100) SrTiO3

crystals were treated to obtain a TiO2-terminated surface,

whereas the (100) BaTiO3 crystals we used here were not treated

and so probably have both BaO- and TiO2-terminated regions

(the surface energies for the two different terminations being

similar).65,66

Although the data of Fig. 6 are described well with this set of

driving energies, there seem to be some small differences

between the experimental values and the calculated curve,

especially in Fig. 6(b) where the behaviour is underestimated

at low temperatures, but overestimated at high temperatures.

A closer description of these data can be achieved by having two

non-zero driving energies, e.g., Dg V��
Of g ¼ �1:25 eV and Dg{h�} =

�1.50 eV. The data points obtained for the two highest tem-

peratures, however, show rather large errors bars. The isotope

profiles within the space-charge layers in these two cases were

not described as well by the numerical solution to eqn (13) as

those profiles determined for lower anneal temperatures; this is

due possibly to cation vacancies starting to become mobile at

these high temperatures. Further experiments at lower tem-

peratures and terminated surfaces could prove helpful in

clearing up this problem.

5.6 Literature overview for DV

The oxygen tracer diffusion coefficients (and ionic conductivities)

exhibited by a perovskite oxide depend on the concentration of

oxygen vacancies in the material [see eqn (18)], and this of course

may vary hugely between samples investigated by different groups

because of differing dopant types and concentrations. Compar-

ison of our data with literature data is best achieved, therefore,

on the level of the vacancy diffusivity, DV. This quantity may be

assumed to be independent of vacancy concentration, as long as

the vacancies do not interact with each other or with the acceptor

dopants.67

Ionic conductivities sion reported in the literature were

converted into vacancy diffusion coefficients by applying the

Nernst–Einstein equation,

DV ¼
sionkBT

4e2cV��
O

: (24)

In Fig. 7 we compare the oxygen vacancy diffusion coefficients

from this work with literature data for barium titanate. There is

good agreement between our data and the data obtained from

equilibrium conductivities by Chan et al. for nominally

Fig. 6 Space-charge potential F0 (a) as a function of oxygen activity aO2

and (b) as a function of temperature T. The closed circles correspond to
data points extracted from the measured diffusion profiles, the solid lines
correspond to calculated space-charge potentials for increasingly nega-
tive values of Dg

V��
Of g ¼ f�1:2;�1:3;�1:4;�1:5;�1:6g eV (as indicated by

the arrows), with Dg{h�} = Dg{e0} = 0. The best agreement is found for

Dg
V��
Of g ¼ �1:4 eV.
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undoped23 as well as for various Al-doped samples.68 Moreover,

in a different temperature region also the data set from

Benguigui69 and the data point from Waser et al.7 follow the

trend of our data. Taking the data sets from Chan et al. for

cdop = 155 ppm (six data points), Waser (one data point),

Benguigui (six data points) and this work (six data points),

we obtain a global expression for the oxygen vacancy diffusivity

DV in barium titanate in the temperature range 466 o

T/K o 1273:

ln DVðTÞ=m2 s�1
� �

¼ � 6:43þ1:17
�0:99

� �

�
0:70� 0:04ð Þ eV

kBT
: (25)

Fig. 7 shows a lot of scatter in the data and data sets that

obviously deviate from the global expression. Besides, possi-

ble errors in performing and analysing transport experi-

ments, there may also be interactions between oxygen

vacancies and dopants, and these become important at lower

temperatures.67

Fig. 8 shows the vacancy diffusivity obtained for barium

titanate in comparison with values for other perovskite oxides.

One sees that isothermal values of DV for all these different

compositions vary by only 1 to 1.5 orders of magnitude, as first

noted by Mizusaki et al.72 and Kilner et al.73

Table 2 is a summary of activation enthalpies of oxygen

vacancy migration obtained for BaTiO3 by various experimental

and computational methods. The value given by the universal

expression of (0.70 � 0.04) eV is in good agreement with

the value from Mott–Littleton calculations of Lewis et al.

(0.77 eV).79

The process of oxygen-ion migration in an ABO3 perovskite

consists of an oxygen-ion forcing its way through a small

aperature formed by two A cations and one B cation, DAAB.

The radius of a sphere that just fits through this DAAB aperature

can be expressed in terms of the lattice constant a and the radii

of the two cations rA and rB, as first recognised by Kilner

and Brook:80

rc ¼
a 3

4
a� 2

1
2rB

	 


� rA � rBð Þ rA þ rBð Þ

2 rA � rBð Þ þ 2
1
2a

(26)

One expects, from this simple static model, the activation

enthalpy to increase with decreasing critical radius, or equiva-

lently, with increasing inverse critical radius. In Fig. 9 we plot

the experimentally determined activation enthalpy of migration

for various perovskite oxides against the inverse critical radius.

One perceives that the expected trend is indeed observed, but,

one could argue, the AIIIBIIIO3-based perovskites lie on a slightly

different line to that for the AIIBIVO3-based perovskites. The

limited amount of data, however, prevents further analysis.

6. Conclusions

We studied oxygen tracer diffusion in single crystals of BaTiO3

in a range of temperatures in which this perovskite oxide

adopts cubic symmetry. The key points to emerge from our

study can be summarized as follows:

(1) 18O isotope profiles, which were obtained by ToF-SIMS

depth profiling at high depth resolution, exhibited two features.

Fig. 7 Comparison of the oxygen vacancy diffusion coefficients DV as a
function of inverse temperature for BaTiO3 from this work to selected data
from the literature from Müller and Härdtl,21 Song and Yoo22,26 and Chan,
Sharma and Smyth,23,68 Yoo et al.,70 Benguigui,69 Waser et al.,7 El Kamel
et al.71 and Warren et al.27 PC refers to polycrystalline material, SC to single
crystals. The dopant concentrations listed in the legend are effective
dopant concentrations corresponding to cdop in eqn (2).

Fig. 8 Oxygen vacancy diffusion coefficients DV as a function of inverse
temperature: (A) Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF5582, thin film, D*);74 (B)
SrFeO3 (thin film, D*);75 (C) La0.9Sr0.1Ga0.8Mg0.2O3�d (LSGM, D*);76 (D)
LaFeO3 (D*);53 (E) LaAlO3 (sion);

72 (F) LaCoO3 (global expression from Dd

and D*);77,78 (G) SrTiO3 (global expression from various types of methods);43

(H) BaTiO3 [global expression from this work, eqn (25)].
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We showed that the entire profile, i.e. both features, could be

described by a single solution of the diffusion equation that

takes into account a surface space-charge depletion layer.

(2) Analysis of the isotope profiles yielded surface exchange

coefficients ks*, space-charge potentials F0 and bulk diffusion

coefficients D*(N) as a function of pO2 and T.

(3) The diffusivity of oxygen vacancies, DV, obtained in this

study was compared with data from the literature. On this

basis, we obtained the activation enthalpy for the migration of

oxygen vacancies in cubic BaTiO3 to be DHmig,V = 0.7 eV.

(4) A comparison of DHmig,V for BaTiO3 with literature data

for other perovskites suggested that AIIBIVO3 perovskite oxides

behave differently to AIIIBIIIO3 perovskite oxides.

Appendix: mass interferences analysing
Zn profiles and their circumvention

Determining the Zn dopant concentration profile (normalised

to the Zn concentration in the bulk) is far from straightforward.

There are several mass interferences that make it difficult to

isolate specific secondary ion intensities from a given mass

channel. For example, at mass 80 one expects contributions

from the following secondary ion species:

I(mass 80) = I(64Zn16O�) + I(48Ti16O2
�) + I(46Ti18O16O�) (A.1)

In order to separate the signals of these three species, one

requires a SIMS mass resolution of m/Dm = 8980. The SIMS

mass resolution we obtained for these insulating, ferroelectric

samples was, however, only about 7000 (full width at half

maximum), so that we were not able to distinguish between

these species. Alternative masses do not provide a superior

solution: 64Zn is the main zinc isotope with the best signal-to-

noise ratio; the other zinc isotopes, all at higher masses, are

affected in the same way or by even more mass interferences.

In order to obtain only the intensity of the zinc species, one

needs to determine independently the intensities of 48Ti16O2
�

and 46Ti18O16O�. Calculating the intensity of 48Ti16O2
� is

possible with the help of the natural abundances a of the Ti

isotopes

I 48Ti16O2
�

� �

¼
a 48Ti
� �

a 46Tið Þ
	 I 46Ti16O2

�
� �

; (A.2)

While calculation of the 46Ti18O16O� intensity by the help of the

measured isotope fraction n* [see eqn (15)]

I 46Ti18O16O�
� �

¼
2n�I 46Ti16O2

� �2

1� n�ð Þ
: (A.3)

In both eqn (A.2) and (A.3) the intensity of 46Ti16O2
� is needed:

it can be measured without any mass interference.

Table 2 Comparison of oxygen vacancy migration enthalpies for barium titanate. PC refers to polycrystalline material, SC to single crystals, the listed
dopant concentrations are effective values corresponding to cdop in eqn (2)

Author(s) Material DHV,mig/eV Measurement Ref.

Kessel, De Souza, Martin Nominally undoped PC, 160 ppm, Zn 0.68 � 0.06 D* from isotope exchange, SIMS This work
Benguigui Nominally undoped PC 0.56 Vacancy electromigration 69
Chan, Sharma, Smyth Nominally undoped PC, 117 ppm 1.10 sion from equilibrium conductivities 23
Chan, Sharma, Smyth PC, 155 ppm, Al 1.10 sion from equilibrium conductivities 68
El Kamel Nominally undoped PC thin film 1.03 Vacancy electromigration 71
Erhart, Albe BaTiO3 0.89 Calculations (DFT, VASP) 34
Itoh et al. Nominally undoped PC,o40 ppm 1.6b DO from ‘‘tracer oxidation’’, SIMS 15
Lewis, Catlow, Casselton BaTiO3 0.77 Calculations (Mott–Littleton, CASCADE) 79
Müller and Härdtl Nominally undoped PC, 320 ppm 2.8a D̃chem from conductivity relaxation 21
Müller and Härdtl Nominally undoped SC, 40 ppm 2.7a D̃chem from conductivity relaxation 21
Shirasaki et al. Nominally undoped PC powder 0.5b DO from ‘‘tracer oxidation’’, MS 13
Song and Yoo SC, 1.8 mol%, Al 0.84 � 0.02 sion from equilibrium conductivities 26
Song and Yoo Nominally undoped PC 1.28 � 0.12 sion from equilibrium conductivities 22
Warren et al. Nominally undoped PC, 60 ppm, Fe 0.9 � 0.2 Oxygen vacancy motion from EPR 27
Yoo et al. Nominally undoped SC 1.00 � 0.05 Vacancy electromigration 70

a In these measurements the authors’ conversion of D̃chem to DV��
O
is based on the use of a questionable thermodynamic factor. b In these ‘‘tracer

oxidation’’ experiments the oxygen tracer is incorporated in both a chemical potential gradient and the potential gradient of the isotope.

Fig. 9 Comparison of the oxygen vacancy migration enthalpy DHV,mig as a
function of the inverse critical radius rc for the global expression for BaTiO3

eqn (25) to selected data from the literature for Ba0.5Sr0.5Co0.8Fe0.2O3

(BSCF5582, thin film, D*),74 La0.9Sr0.1Ga0.8Mg0.2O3�d (LSGM, D*),76 LaFeO3

(D*),53 LaAlO3 (sion),
72 LaCoO3 (universal expression fromDd and D*)77,78 and

SrTiO3 (universal expression from various types of methods).43
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Therefore, eqn (A.1)–(A.3) can be rearranged to

I 64Zn16O�
� �

¼ Iðmass 80Þ �
a 48Ti
� �

a 46Tið Þ
I 46Ti16O2

�
� �

�
2n�I 46Ti16O2

� �2

1� n�ð Þ
:

(A.4)

In order to analyze the variation of the zinc concentration with

sputter depth, the intensity of 64Zn16O� needs to be normalized

to the intensity of a matrix element. In this case we chose
46Ti16O� for normalization as this species should not be

influenced by any mass interference:

Inorm:ðxÞ ¼
I64Zn16O�ðxÞ

I46Ti16O�ðxÞ
: (A.5)

In a second step Inorm.(x) is normalized to the value in the bulk

Inorm.(N) so that the resulting ‘‘normalized Zn intensity’’

directly shows the variation of the zinc concentration at any

position in the space-charge layer compared to that in the bulk

(see Fig. 2):

normalized Zn intensity ¼
Inorm:ðxÞ

Inorm:ð1Þ
¼

I64Zn16O�ðxÞ

I46Ti16O�ðxÞ

I64Zn16O�ð1Þ

I46Ti16O�ð1Þ

: (A.6)
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