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The transport of oxygen ions plays a central role in determining the perfor-
mance or the degradation of perovskite-type oxides in applications as diverse
as ceramic capacitors, solid electrolytes, memristive devices and all-oxide
electronics. In this Feature Article, experimental data reported in the litera-
ture for oxygen diffusion in SrTiO; and in related titanate, zirconate and
cerate perovskite oxides [CaTiO3, BaTiO3, (Na,Bi)TiO;, Pb(Ti,Zr)O3, CaZrO;,
SrZrO;, BaZrO;, SrCeOs, BaCeOj3] are reviewed. The two related aims are to
draw attention to discrepancies and to identify reliable diffusion data. The
physical limit to the diffusivity of oxygen vacancies in a perovskite oxide is
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Oxygen Diffusion in SrTiO; and Related Perovskite Oxides

2. Definitions

There are two complementary approaches
to treating diffusion: the macroscopic
approach based on Fick’s empirical equa-
tions; and the microscopic approach based
on atomic mechanisms and on random-
walk theory. The macroscopic definition
provides the experimental basis for deter-
mining diffusion coefficients. At no point
in the macroscopic treatment, however,

also considered.

1. Introduction

The subject of ion transport in perovskite oxides is both broad
and deep, and accordingly one may approach the subject in
many different ways. This is due in part to the variety of driving
forces that can cause ions to move. Ion motion may occur, for
instance, because of a concentration gradient, in which case
one speaks of diffusion; or because of an electrical potential
gradient, in which case one speaks of drift; or because of a
temperature gradient, in which case one speaks of thermodiffu-
sion. In this Feature Article I use diffusion in the solid state as
a means of examining oxygen-ion transport in the perovskite-
oxide SrTiO; and related perovskite-oxides.

After introductory sections covering the basics of diffusion,
I discuss the experimental determination of, and the differ-
ences and the relationships between, the most common diffu-
sion coefficients. The possibilities of diffusion occurring along
and across extended defects (dislocations, grain boundaries,
surfaces) are also discussed, with the main focus on acceler-
ated diffusion along extended defects and hindered diffusion
across extended defects. This first part is rather general, and in
writing it, I refer to several books!'™ and review articles.l’~14
In the second part of the article, the point-defect chemistry
of SrTiO; is first reviewed, after which a critical examination
of literature data on oxygen diffusion in SrTiO;, and then in
other titanate, zirconate and cerate A"BVO; perovskite-oxides,
is given. For details on oxygen diffusion in A™B™MO; perovs-
kite-oxides, the interested reader is referred to reviews in the
literature.[1>-17]
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does the atomic nature of matter enter into
the treatment. Nonetheless, diffusion in
solids results from many individual jumps
of the diffusing particles, and it is medi-
ated by point defects, such as vacancies and interstitials. The
benefit of the microscopic approach, then, is that it provides
the theoretical basis for interpreting and expressing diffusion
coefficients in terms of atomic quantities, such as point-defect
concentrations, atomic jump distances and activation barriers.

2.1. Macroscopic Approach

The flux of component i passing through unit area of a refer-
ence plane per unit time, j, is given by Fick’s first law, written
in one dimension as

ac;
Ji=-Di Ox 1)

The factor of proportionality between the flux and the negative
concentration gradient is D;, the diffusion coefficient of i in the
specific system.

In most cases, the amount of the diffusing component is
conserved during the process of diffusion. This statement is
expressed by the continuity equation, which for diffusion in
one dimension is

81, dc; 5
ox ot )

Substitution of Equation (1) into Equation (2) yields Fick’s
Second Law,

aC,‘ a aCi
ot Jx ( ' Ox ) 3)

which, if the diffusion coefficient is independent of position,
reduces to

BC; 32 C;
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The second-order partial differential equation, Equation (3)
or (4), is sometimes called the diffusion equation. Although the
one-dimensional treatment is often sufficient, Fick’s first law is
easily generalised to the three-dimensional case:
ii =-D,V¢; (5)
in which j; is the vector flux; the Nabla operator V acts on the
scalar concentration field ¢;(x, y, 2); and D; is a symmetric second-
rank tensor (in cubic crystals, it reduces to the single scalar quan-
tity D).l Tt is important to note that, although Equation (1) gives
the macroscopic definition of a diffusion coefficient, the true
driving force for diffusion is not the gradient in the concentra-
tion of i (V¢;), but the gradient in its chemical potential (Vi);
see also Section 3. At chemical equilibrium, the gradient in the
chemical potential of all mobile components is zero.

2.1.1. Dependence of the Diffusion Coefficient on Characteristic
Thermodynamic Parameters

Phenomenologically one often observes that, as a function of
temperature T, the diffusion coefficient obeys Arrhenius-type
behavior,

Dy(T)=D; exp(— £Hp J (6)

kBT

that is, the behavior is characterized by just two quantities, the
pre-exponential factor D; and the activation enthalpy of dif-
fusion AHp,. Values of AH)p, determined experimentally for
oxides!'®2% may be as low as some tenths of an eV or as high as
10 eV, but are generally of the order of 10° eV.

For a binary metal oxide MO, the Gibbs phase rule stipulates
that three variables are required to define the system thermody-
namically. Two variables are temperature and hydrostatic pres-
sure; the third variable is commonly chosen to be the oxygen
activity aO, (as experimentally it is easier to define and to vary
a0, than aM, the activity of the metallic component; further-
more a0, can be varied experimentally over tens of orders of
magnitude). Values of the diffusion coefficient measured as a
function of aO, at constant temperature are found to obey a
power law, with the power-law exponents ,o,,

dln D,
)

Mhao, = (aln a0,

Considered over a suitably large range of oxygen partial pres-

1,1

2

’

sures, m,,, may take characteristic values of ig, +
etc., see Section 5.4.

In order to interpret and understand the activation energy of
diffusion or the power-law exponent, one must consider diffu-
sion from a microscopic standpoint.

2.2. Microscopic Definition
The microscopic definition of the diffusion coefficient D;

comes, independently, from Einstein and from Smoluchowski.
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They related the mean square displacement (x?) of the diffusing
species in the x-direction to the x-component of the diffusion
coefficient, Dy, and to the time interval t during which diffu-
sion takes place:"%°]
(x)=2D;t (8)

This is now known as the Einstein relation or as the Ein-
stein—-Smoluchowski relation. For diffusion in an isotropic,
three-dimensional medium, <xf> = <y,2> = <zf> = <R,2> /3, the
mean square displacement is given by

<R¢2 > =6D;t 9)

From the theory of random walks, one obtains for an uncor-
related random walker that executes a series of n consecutive
jumps, each of distance a, from one site to a neighboring site (a
in oxides is thus of the order of a few A),
<R3> = naz (10)

Combining Egs. (9) and (10), and introducing the jump rate
of the particle to one of its Z neighbors, I',Z=n /t, one obtains

Di =laZZFi

- 1)

2.2.1. Diffusion Coefficients of Defects and lons

In general there will be a considerable difference between the
diffusion coefficient of the defect, Dg.r, and the diffusion coeffi-
cient of the ion, D;,,. To see why this is so, we consider the con-
crete example of oxygen ions migrating in an oxide by a vacancy
mechanism. The diffusion coefficient of the vacancies is (see
Equation (11))
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D, =%azzrv (12)

whereas the diffusion coefficient of the oxygen ions is

DO=%aZZFO (13)

Each time a vacancy moves, an ion has to move, as the two
species swap places. Thus, the total number of displacements
of the ions and of the vacancies has to be equal

Lo[O]=Ty[V] (14)

with [i] denoting the concentration of i. For a dilute solution
of vacancies, the site fraction of vacancies, ny, is by defini-
tion many orders of magnitude less than unity, and it can
thus be approximated by ny = [V]/[O]. Hence, by combining
Equations (12)—(14), we obtain

DO:D\/M

o~ (1)

Thus, Dy and Dy will differ by the factor ny < 1. One should
note that ny may vary considerably with temperature, oxygen
activity and dopant concentration (see Section 5). Dy, at least
for dilute solutions of vacancies, is independent of ny, and as
we will see later, only dependent on temperature. One conse-
quence of Equation (15) is that the mean square displacement
of a vacancy, (R}), will be orders of magnitude larger than the
mean square displacement of an oxygen ion, (R3).

2.2.2. Activation Barriers

In a simple approximation of the ion-hopping process—a com-
plicated many-body problem?!l—one can relate the jump rate I’
to the height of the activation barrier AGy;, through an Arrhe-
nius law,

_AGml
T=v, eXp(—kBT g) (16)

where the prefactor v, denotes an attempt frequency of
the order of the Debye frequency of the compound, kg is
Boltzmann's constant, and T'is the absolute temperature. AGy;g
is the Gibbs activation energy of migration, and it corresponds
to the difference in the system’s Gibbs energy between the
initial and saddle-point configurations. It can be expressed in

terms of an activation enthalpy of migration, AHp,, and an
activation entropy of migration, AS,g,
AG,ng = AH,pyy — TAS,q (17)

Combining Equations (15)—(17), we thus find, for the case of
oxygen-ion diffusion in a cubic system with a dilute solution of
oxygen vacancies, that the self-diffusion coefficient of oxygen is
given by

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Do(T,a0,) = ny(T,a0,)Dy(T)

ASuie “AHn.y) (18
(TaOZ)GaZvoexp( kBgVJexp( kBTgV)'( )

3. Types of Diffusion Experiments

There are a bewildering variety of ways in which to carry out
diffusion experiments, and thus, a bewildering variety of diffu-
sion coefficients that one can obtain. For oxide materials, the
three most commonly determined coefficients are D”, the tracer
diffusion coefficient; D3, the chemical diffusion coefficient; and
DS, the conductivity diffusion coefficient.l®! In the following we
will examine, first, what the basics of the three diffusion experi-
ments are, and second, how the respective diffusion coefficients
are related to the self-diffusion coefficients of the ions D, or
of the defects Dgr. We consider, again, a generic metal oxide
MO, in order to emphasise that the methods are applicable to
all oxides, not just perovskites.

In order to obtain expressions relating the diffusion coef-
ficients to one another, we require a theoretical framework
to treat these processes, and the most convenient theoretical
framework for treating these and other transport processes
is linear irreversible thermodynamics.??) For example, for a
system that contains the mobile charge carriers i and k (which
may be ionic or electronic species) and that is exposed to a tem-
perature gradient, one can express, according to linear irrevers-
ible thermodynamics, the vector fluxes of the two charge car-
riers and the vector flux of heat as

ji = LiXi + Ly Xy + Lig X
ik = Lkixi + kaXk + LkQXQ (19)
iQ = LQjX,‘ + LQka + LQQXQ

that is, in terms of phenomenological transport coefficients L
and general thermodynamic driving forces, X. Equation (19)
states that a flux of i, say, can result directly from the driving
force Xj, but also indirectly from the driving forces X; and X,
The thermodynamic driving force for heat transport is given by
Xy =—(1/T)VT; for the charge carrier i, the thermodynamic
driving force is given, in the absence of external forces, by
X; =-TV(n; /T), where n; denotes the electrochemical poten-
tial of i and is defined as (z; is the charge number of i)

M = Wi + zied (20)

The off-diagonal elements of the matrix of L coefficients
lead to “cross” effects, such as thermoelectricity (L,o) and ther-
modiffusion (L;p) and are thus also known as cross-coefficients.
Onsager’s reciprocity theorem states that, in the absence of a
magnetic field, the matrix of L coefficients is symmetric, that
is, Ly = Ly;, and so forth. Tt is noted that an oxide was used as
a model system to verify Onsager’s theorem experimentally.?*]

Let us now for simplicity restrict the treatment to the one
dimensional case and to ideal solutions. Transforming Equation
(19) to the “reduced” heat formulation;”1*1*24 assuming L;g =
Lg; and using Ly; = Difi]/kgT; one can write the flux of i as
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where S is the partial molar entropy and Q; the reduced heat of
transport of charge carrier i. Thus, we perceive that, in general,
a flux of i can be driven by a gradient in chemical potential (dif-
fusion), by a gradient in electrical potential (drift) and by a gra-
dient in temperature (thermodiffusion). The term (S;+Q, /T)
may be positive or negative, and thus depending on its sign, i
may move down or up the temperature gradient.

In the isothermal case, to which the three diffusion experi-
ments refer, Equation (21) reduces to

. __Djil[ o a«p]
5= kBT[8x+z 0x

(22)

The procedures for deriving the various diffusion coeffi-
cients from Equation (19) or from from Equation (22) are given
in detail elsewhere;”#11 for reasons of limited space, only the
end results are reproduced in the relevant sections below. Fur-
thermore, only the simplest cases are considered: many compli-
cations are possible.[011:1425]

3.1. Chemical Diffusion

Consider an oxide of composition MO;_; in chemical equilib-
rium with the surrounding gas phase, that is, the chemical
potential of oxygen is constant throughout the oxide and equal
to that in the gas phase. A difference in the chemical potential
of oxygen between the sample and the surrounding gas phase
is now effected (either by changing the system’s temperature
or the oxygen activity of the gas phase), with the result that
oxygen is either incorporated or removed from the oxide (see
Figure 1). The nonstoichiometry changes, therefore, from its
original value §to a ﬁnal value 8+AS. The process whereby this
takes place (MO, s+A8-50, = MO, ;.5) is called chemical dif-
fusion. The chemical dlszusmn coefficient, according to Fick’s

first law (Equation (1)), is denoted by D?, D; or Djcper: the true
driving force, however, is the gradient in the chemical potential
of oxygen.'!]

Although formally oxygen is incorporated into the oxide as a
neutral component (“O”), at the microscopic scale there is cou-
pled transport of charged species, otherwise known as ambi-
polar diffusion. Let us assume that our oxide MO;.6 has oxygen
vacancies, V5, and electrons, €', as the dominant mobile
defects. As oxygen is incorporated, there will be a flux of vacan-
cies Jvw; and a flux of electrons Jj. towards the surface, these
two fluxes being given by (see Equation (22))

° kBT

0x 0x
_De’[e)][%_e%] (23)
Je 0T Loax Cox

These two fluxes are not independent, however, since
2jys — jo =0. Furthermore, the internal gradient in the
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Figure 1. The chemical diffusion experiment consists, for example,
of a) raising instantaneously the oxygen activity in the gas phase, and
b) then monitoring as a function of time the change in a characteristic
sample property, that is, c) one that depends on the oxygen content of
the sample, such as the electrical conductivity, as the sample attains the
new equilibrium with the gas phase.

electrical potential, —d¢/dx (also known as the Nernst field),
is common to both fluxes; this coupling has the effect of accel-
erating the slower moving moiety and slowing down the faster
moving one. The detailed analysis yields

o - Lol D (1000, .
4D [Vs1+D,[e]1\ 2 aco

It is clear from Equation (24) that the chemical diffusion
coefficient of oxygen in MO, 5 DJ, may exhibit rather com-
plex behavior as a function of temperature and oxygen activity,
depending on how the individual parameters vary with T
and a0,.

In some cases, Equation (24) reduces to a simpler form: If,
for instance, the two defects are dilute, non-interacting species,
we find

i = PwlVol Def[e']( 1 4) 25

° 4D IVs 1+ D I\ V5] [e]

Furthermore, if the electrons are more mobile than the
vacancies, D, > D,., and if electroneutrality is given by
[e']=2[V{5], we obtain

D =3Dy, (26)

(More complicated situations may also give this simple expres-
sion).[62627] Equation (26) tells us that D§ is given by the
diffusivity of the slowest moving defect (in this case: vacan-
cies) multiplied by an “acceleration factor” (=3) because of
the coupling through the Nernst field with the faster moving
electrons. In this special case, the activation enthalpy of chem-
ical diffusion is the activation enthalpy of vacancy migration:
AH_ s =AH

D's - mig, Vg .
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With knowledge of D, one can predict the time T neces-
sary for the change in a sample’s nonstoichiometry to proceed,
say, to 99% completion. A useful order-of-magnitude approxi-
mation for a slab sample of thickness 2l is 7y ~1*/2D§ . In
certain cases, for instance for thin samples, the kinetics of the
stoichiometry change are governed by the surface reaction (see
Section 4), and the time required is T, ~ 5!/ 2k$ . For the inter-
mediate regime, where both bulk diffusion and surface kinetics

are important, T ~Tpr good approximation is 7 = Tps + Tpo

3.2. Tracer Diffusion

A tracer diffusion experiment refers to the use of radioactive
or stable isotopes—chemically identical, labelled species i"—
to examine self-diffusion in condensed matter. Since one can
distinguish between i* and i, the motion of the indistinguish-
able i particles can be followed with the help of the tracers, i".1'!l
Tracer diffusion experiments are performed at constant sample
composition. For our example oxide MO,_4, this corresponds in
the case of the cation tracer to MO;_s — (M;_M})O,_s and in the
case of the anion tracer (see Figure 2) to MO;_s — M(0;_4Op)1_s -
The only driving force is the gradient in the chemical potential
of the tracer (and is thus purely entropic); the chemical poten-
tials of M and O are constant throughout the system.

The measured tracer diffusion coefficient of species i is
related to the self-diffusion coefficient through the tracer cor-
relation factor £,

D = f'D; (27)

f* varies according to the migration mechanism (interstitial,
vacancy, colinear/non-colinear interstitialcy) and the geometry
of the sublattice on which diffusion takes place.’® f* reflects
the fact that tracer species do not necessarily perform an uncor-
related random walk. Let us consider the case of vacancy migra-
tion on a simple cubic sublattice. The vacancies may move in
all six migration directions with equal probability. This is not
true, however, for the tracer species: If a vacancy and a tracer
have just exchanged places, the most likely jump of the tracer
is back to its original position. Its mean square displacement
{(R+)") is hence less than that of a random walker, (R?); f* is
the ratio of the two, f*=((R:)?)/(R?), and thus takes values
between zero and unity. The detailed analysis with linear irre-
versible thermodynamics starts from Equation (19); considers

(a) Equilibration (b) Isotope Anneal

(c) Profile determination

MK
oS
www.MaterialsViews.com

three fluxes, for example, for a vacancy mechanism j;, j and jy;
and yields f* in terms of L;; and L8 f* deviates from unity if
L;; deviates from zero. For a dilute solution of oxygen vacancies
in a cubic perovskite, f* = 0.69.1%%!

The activation enthalpy of tracer diffusion, AH. is easily
determined by performing measurements as a function of tem-
perature (at constant oxygen activity), but it is not so easy to
interpret. For the case of vacancy transport, we find upon com-
bining Equations (15) and (27),

D; = f"Dysny, (28)

Since the dependence on temperature of Dy, and n,, can
be expressed in exponential functions,

D*_ * \© AHmig.V{; ° Angn,VE)'
i = f Dys exp| =— == |nys exp| —— = (29)
B B

with AH, .. being the activation enthalpy of vacancy migra-
tion and AH,,, y; , reflecting the change in vacancy concentra-
tion with temperature, we find
AHy =AH,  +AH,, (30)
Consequently, interpretation of the measured activation
enthalpy of tracer diffusion requires quantitative knowledge of
the defect chemistry (how exactly does the relevant defect con-
centration vary with temperature?). AH,, ., it should be noted,
can be zero ([V5] independent of temperature), or positive
(V5] increasing with increasing temperature), in which case it
can take values up to several eV. Hence, depending on the par-
ticular case, it may be much larger than, much smaller than, or
even comparable to AH,

mig, Vg *

3.3. Conductivity

In a sense, determining the electrical conductivity of a sample
is the simplest of the three transport experiments. One applies
an electrical potential gradient V¢ to a sample and measures
the resulting electrical current density I. The electrical conduc-
tivity o is obtained from Ohm's law

I=-0V¢ (31)

There are, however, several possible compli-
cations to this simple experiment. First, and
most important, is that all mobile charged

. , % o species contribute to the measured conduc-
== Jo" J*%o > 18- tivity, all ionic and all electronic charge car-
® L riers, each conductivity contribution being
=) o™ J16o \ ﬁ Depth the product of the concentration [i], charge
e ' seeem z;e and mobility u;
Oxide Oxide Oxide

O = Zci = Z[i]zieui (32)

Figure 2. The tracer diffusion experiment:'4 a) Equilibration of the oxide sample in oxygen of
normal isotopic abundance at given T and aO,. b) Isotope anneal at the same T and a02, in

an '®0-enriched gas for a given time. c) The isotope profile in the oxide is determined by an
ion-beam-analysis method, such as Secondary lon Mass Spectrometry (SIMS).

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Generally, the mobilities of electronic charge
carriers are orders of magnitude larger than
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those of ionic charge carriers; hence a small concentration of
electrons or holes (minority defects) may provide the dominant
contribution to the electrical conductivity. To isolate the ionic
contribution, one may have to use the appropriate electron-
blocking but ion-conducting electrodes, or else determine,
in addition to the total conductivity, the ionic transference
number £, that is, the proportion of the conductivity carried
by the ions, ti,, = Cion/Ci (through emf measurements on a
Nernst cell). The second complication is that the conductivity
of Equation (31) depends, in principle, on the applied electrical
potential gradient: It is only for small driving forces, specifically
for |az;eVe|< 2ksT, that the conductivity is independent of
driving force, that is, Equation (31) constitutes a linear law. (NB:
At T=300 K, a field of = 2 MV cm™ is required to increase the
oxygen-ion conductivity by a factor of 2.) Third, the sample’s
electrical response may be dominated by that of the electrodes,
for instance, and obtaining the bulk contribution requires
either the use of 4-point measurement geometries in dc mode
or frequency-dependent impedance spectroscopy studies.
Having determined the ionic conductivity of the bulk phase
in the linear regime, one can now calculate the conductivity dif-
fusion coefficient with the aid of the Nernst-Einstein equation,

ksT

[i)(zie)’

o _
b =0 (33)

There are various routes to derive Equation (33), but all of
them, it is emphasised, assume the charge carriers under con-
sideration to be non-interacting and dilute.>* From linear irre-
versible thermodynamics, for example, one considers a sample
of uniform composition (Vy; = 0) and temperature (VT = 0),
to which a gradient in the electrical potential V¢ (as the sole
thermodynamic driving force) is applied. Comparison of Equa-
tion (22), which is only valid for dilute, non-interacting charge
carriers, with Equation (31) yields Equation (33). It is to be
noted that, although in general D, # Dg.r and one can measure
both independently, there is only one measured conductivity,
Oion = Oger- Thus, from a measured conductivity, one can calcu-
late Dy, if one knows [ion], and Dy if one knows [def].

4. Mass Transport Along and Across Extended
Defects

Real oxide samples, one should recognise, are not single crystals
containing only point defects: extended defects, such as disloca-
tions and grain boundaries, will in general also be present. In
addition, real samples are finite in extent, and thus are bounded
by surfaces or interfaces with other phases. A variety of paths
may therefore be available for diffusing species (see Figure 3);
one differentiates between:2*+1% 1) bulk diffusion (also termed
volume or lattice diffusion), which refers to mass transport
within a single grain; 2) grain-boundary diffusion, which refers
to mass transport along the region of crystallographic misori-
entation between two grains; 3) dislocation or ‘pipe’ diffusion,
which refers to mass transport along dislocations; and 4) surface
diffusion, which refers to mass transport along a crystal surface.

For a given material, the diffusion coefficient of component
i along a grain boundary, dislocation or surface (D, D{*, D;

Adv. Funct. Mater. 2015, 25, 6326-6342
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(a) (b)

Figure 3. Mass transport processes in a polycrystal. a) Cross-section
through a polycrystalline solid. b) The brick-layer model, an idealised
representation of the microstructure shown in a). The arrows indicate
possible transport processes, with the length of an arrow being inversely
proportional to the resistance of the associated process. A: hindered
transport across a surface; B: transport in the grain bulk; C: hindered
transport across a grain boundary; D: enhanced transport along a grain
boundary.

respectively) will vary according to the structural characteris-
tics of the extended defect. In the case of planar defects (grain
boundaries and surfaces), the diffusion coefficient will be a
function of the interface (mis)orientation; D®, for example, will
vary with the parameters that characterise the grain boundary:
the tilt and twist axes, the tilt and twist angles, and the inter-
face plane. Measurements on polycrystals will thus provide
an average over all the grain boundaries contained within the
investigated volume. In the case of line defects, D{** will vary
according to the dislocations’ character (edge/screw) and its
Burgers vector. These alternative paths offered by extended
defects become important, if diffusion in the bulk is slow. In
such cases, this fast-path diffusion, or short-circuit diffusion,
may contribute significantly to mass transport or may even
govern the overall behavior.

Why should diffusion along these extended defects occur
faster than in the bulk? The atomic arrangements within grain
boundaries and within dislocation cores are considered to be
more open than in the bulk phase, suggesting less hindrance
for the migrating species and thus accelerated rates of mass
transport. Although there is much experimental data that con-
firms this picture for metallic systems,?*31l it is far from cer-
tain that this picture is also universally applicable to oxides.?
In an ionic solid, an ion diffusing along an extended defect may
have to pass, in a migration jump, ions of the same polarity—
a process that is avoided in the bulk phase. Furthermore, the
intrinsic structure of the extended defects may offer preferen-
tial sites for point defects: as a result there may be a high con-
centration of defects within the extended defects, but they are
locked into the structure and thus essentially immobile.’3l A
more open arrangement within the extended defect does not,
therefore, guarantee accelerated rates of ion transport. In addi-
tion, the extended defects may be electrostatically charged, with
global charge neutrality being satisfied by attendant, enveloping
tubes of space charge in which the concentrations of mobile,
charged point-defects are modified drastically from their values
in the electroneutral bulk.

In addition to fast-path diffusion processes that take place
in parallel to diffusion in the bulk phase, there may be slower
processes in series with bulk diffusion (see Figure 3). Hindered
mass transport across interfaces (surfaces, grain boundaries)
constitute such slower serial processes, and they may also influ-
ence (or even govern) the overall diffusion behavior. Here, one
describes the flux across the interface in terms of a transfer
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(a) (b)

concentration

depth from surface

Figure 4. Diffusion in a polycrystalline sample with grain size w in which
transport across grain boundaries is slow (k¥ <D, /w) and diffusion
along grain boundaries is negligible. a) Cross-section of a polycrystal: dif-
fusant enters the sample from the left. b) Concentration profiles across
the polycrystal, showing the drops in concentration (Ac;) at the grain
boundaries (whose positions are indicated by the dashed, vertical lines).

coefficient k; and the drop in concentration across the interface,
Ac;, in the direction of the flux:

Ji =kiAc; (34)

The case of transport being limited by grain boundaries is illus-
trated schematically in Figure 4.

Why may transport across an interface be hindered? What
does k; refer to, on a microscopic level? There are several pos-
sible causes for k; taking a finite value. At a grain boundary,
for example, the crystallographic mismatch between the two
grains may conceivably result in the matter flux being dimin-
ished, either because of the considerable perturbations of the
bulk structure at the interface itself or because of differences
in the orientations of the grains in layered structures. The
magnitude of such effects are probably small, though. In con-
trast, huge effects are observed, where space-charge layers,
depleted of mobile charge carriers, are present at the grain
boundaries.[®! Huge effects are also observed in polycrystalline
samples, in which a second phase covers each grain; in oxygen-
ion conductors, for example, such second phases are often
Si0,-based compounds that exhibit much lower rates of oxygen
transport.3

In the case of oxygen transport across a surface, that is, across
a gas|solid interface, the transfer coefficient k5 characterises the
exchange flux of the dynamic equilibrium between oxygen in
the gas phase and oxygen in the solid. The forward reaction, for
example, requires, in addition to several charge transfer steps,
the adsorption and the dissociation of oxygen molecules on the
surface, and the incorporation of the resulting oxygen moiety
into the crystal lattice. The most likely rate determining step is
either dissociation or charge transfer leading to dissociation.*”!

5. Defect Chemistry of Titanate Perovskites

The behavior of point defects in SrTiO; is understood to a
remarkable degree. This is due to the considerable effort, both
experimental and theoretical, that has been, and that continues to
be, devoted to this subject.’*=% The other perovskite oxides have
received far less attention, but the available literature (e.g., for
BaTi0;,1%%3 for CaTiO;)!*%% indicates that the defect behavior,
in most cases, is qualitatively the same. That is to say, the defect
equilibria are the same as for SrTiO;, but the equilibrium con-
stants differ, of course, depending on the particular composition.
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Given the close-packed nature of the ABOj; perovskite struc-
ture, the dominant ionic point defects are far more likely to
be vacancies than interstitials. Indeed, theoretical calculations
confirm that Schottky disorder reactions exhibit much lower
enthalpies than Frenkel and anti-Frenkel reactions.’>%3 In
SrTiOs, the dominant disorder is found both experimentally!*’]
and theoretically’®3 to be SrO partial Schottky (in BaTiOs,
though, it is TiO, partial Schottky disorder).l%63] Under most
conditions, however, defect concentrations in ABO; perovs-
kites are dictated not by an intrinsic, Schottky-disorder reaction
but by purposely added dopants (or by inadvertently included
impurities). [Nominally undoped Pb(Zr,Ti)O; and (Na,Bi)TiO,
represent exceptions owing to the facile loss of Pb and Bi,
respectively, at high temperatures; see later.] In this article, the
focus is on SrTiO; that purposely contains acceptor-dopant cat-
ions and on nominally undoped SrTiOs, which is typically also
acceptor-doped, as it contains impurities such as Al, Fe and Mg
that substitute for Ti.l’7:%8

The aim of defect-chemical modelling is to predict the con-
centrations of point defects, [def], as a function of the thermo-
dynamic variables, such as temperature T and oxygen activity
a0,. To this end, one specifies the relevant defect equilibria, and
with knowledge of the associated equilibrium constants, one
can solve the system of linear equations to obtain [def]. There
are various defect equilibria that may be active in SrTiOs, the
number increasing with increasing temperature. Essentially,
one can differentiate between low-, intermediate- and high-
temperature regimes. The transition temperatures between the
three regimes are not well defined, but depend on the sample
geometry and the amount of time given to the system to reach
equilibrium (see Section 5.4). We will now consider the three
regimes in order of increasing temperature.

5.1. Low-Temperature Regime

In the first regime, that is, at temperatures below T = 550 K,
only internal equilibria are active: the sample is not in equilib-
rium with the surrounding atmosphere. The most important
reaction is the generation of electrons and holes by thermal
excitation across the band gap,

null = h'+e’ (35)

with equilibrium constant

» ~Eyy(T)
['][h7] = Ken(T) = NVB(T)NCB(T)eXp(kB—T) (36)

where Nyp(T) and Ncp(T) are the temperature-dependent
density of states at the valence band (VB) and conduction
band (CB) edges, and Fy,(T) is the temperature-dependent
thermal bandgap; Eye(T = 0 K) = 3.2 eV.B34L47 [f, instead of
Equation (36), the approximate form with a temperature-inde-
pendent pre-exponential factor is used,

"
[e']1h"]= Kan(T) = K2, exp( — J (37)
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Ey, is higher than 3.2 eV, as it incorporates the T*-dependence
of Nyg(T)Ne(T).”

The other internal, electronic reactions of importance are the
ionization reactions of ionic defects. The ionization of oxygen
vacancies, for instance, yields free electrons according to

Vi Vi+e (38)
Vo=V5+¢€ (39)

with
[Vs][e’] —AHyy

=K on T = Koo 1 5

Vel yan (T) = K3 exp kT (40)
[V5[e’] —AH
—_— = K 12 T = KO1 2

Vo] W (T)=Kgy: exp T (41)

AH,on and AH,z, according to experiment, are 3 meV and
0.3 eV, respectlvely [#7] In the band-structure picture, this cor-
responds to the levels lying just below the CB edge. Hence, they
only become important under highly reducing conditions (as
the Fermi level approaches the CB edge) at low temperatures.

Analogously, the ionization of strontium vacancies yields
electron holes:

Vi=Vi+h (42)
Vi = Vg +h’ (43)
with
[V&]h'] —AHyy
—_—. . = K 0/1 T = KOOI >

V] o (T) = KSon exp T (44)
[V&]h] —AHyp
—_— = K 12 T = Ko 12

Ve ] v (T) =K exp T (45)

AHyo: and AH,u, according to experiment, are much deeper,
belng 0.1 eV and 1.4 eV, respectively, above the VB edge.*’]
Acceptor dopant cations, too, have deep levels. The ionization
reaction

Acch = Acc; +h” (46)
with equilibrium constant

[Acch][h]

AHAcco/l
[Accr]

- I<Acc°/1 (T) Acc‘]/1 exp( k T
B

(47)
exhibits AH, . >1 eV for Fe and ALF046#] In general,
acceptor levels evidently lie deeper in the bandgap.

The other reaction that may take place in this low-temperature
regime is the formation of dopant-vacancy associates
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Accr + Vg = {Acer; = V5'}, (48)

with equilibrium constant

[{Acct - V5]
[Acch ][V5 ]

=K.(T)=K¢ eXP(_]i;Ia) (49)

The association energies are negative, are evidently some
fraction of an eV and vary according to the acceptor dopant.[°7-¢°]
The total amount of dopant present in the system is thus
divided into charged dopants, neutral dopants, and dopants in
dopant-vacancy associates,

[Accr J=[Acch +[Accr; [+H[{Acch - VS }] (50)

5.2. Intermediate-Temperature Regime

Above T = 750 K, the kinetics of the oxygen exchange reaction
become appreciable (kg is sufficiently high),*®! such that the
equilibrium between oxygen in the gas phase and oxygen in the
solid can be established.?®37:394048] This can be written as the
oxidation of the oxide,

lOZ(g)+V5 = 05 +2h
2 (51)

or as the reduction of the oxide,

Oo \:‘EOZ(g)+VO +2e (52)
These are not independent reactions, however. Equation (51),
for example, can be obtained by combining Egs. (52) and
(35). The equilibrium constant of the reduction reaction is
given by

(V5 ][e’) a0y”

_AHred ) 53
[05] (3)

= Kred(T)z K?’ed eXP( k T
B

with reduction enthalpies reported in the literature in the range
of AH, o4 = 5—6 eV.[4#6:47,59]

For the sake of completeness I also mention that oxygen
vacancies not only react with oxygen (see above) but also react
with water to generate substitutional hydroxide groups, 24

H,O(g)+ 0& + V5 = 20H, (54)
the equilibrium constant for this hydration reaction is

[OH,J*
[V5 105 JaH,0

—Athd )

= Kia(T) = K exp( -
B

(55)

Values of the hydration enthalpy, AHpy, from experiment
and theory vary from —0.24 eV to —0.72 eV.2437071] Although
the kinetics of water vapor incorporation into SrTiO; have
not received the attention that oxygen incorporation kinetics
have, one may expect that water incorporation is faster. It is
conceivable, therefore, that water may be incorporated into
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Makies

acceptor-doped SrTiOj; at temperatures at which oxygen incor-
poration is negligible.

5.3. High-Temperature Regime

Finally, at temperatures above T = 1300 K, strontium vacancies
display sufficient mobility,’>7? such that the partial Schottky
disorder reaction,

Stg; + 05 = Vi, + V5 +SrO(s) (56)

becomes active. The enthalpy of SrO partial Schottky disorder,
defined according to

[V%][V& ]aSrO
[05][Sxs:]

—AHg,, )

=K5<;h(T) =K§cheXP( T
B

(57)

was determined experimentally to be AHgy, = 2.5 eV.*”] Theo-
retical estimates of AHgg, are at least 1 eV higher (see Ref.P”]
and references therein): The reason for this discrepancy is
unknown.

5.4. Bringing it All Together

In its fullest form, the charge neutrality for acceptor-doped
SrTiO; can therefore be written as

[e"]+[Acch] +[ Ve ] +2[VE]
=[h] +[V3] + 2[V5] + [OHb] + [{Acch VS ] (58)

that is, there are nine charged point defects: electrons,
charged acceptor dopants, singly and doubly charged stron-
tium vacancies, electron holes, singly and doubly charged
oxygen vacancies, hydroxide ions and dopant-vacancy associ-
ates. In addition, there are neutral acceptor dopants, neutral
strontium vacancies and neutral oxygen vacancies. In order
to obtain all twelve defect concentrations in the high-tempera-
ture regime, one must solve twelve equations simultaneously
(electroneutrality, mass conservation of the dopant, and ten
defect equilibria), having specified the thermodynamic vari-
ables, [Accy], aO,, aH,0, aSrO, and T. Under certain condi-
tions, however, one finds that various defect concentrations
are negligibly small, and hence that the associated defect
reactions are of little importance. For example, in the high
and intermediate temperature regimes, oxygen vacancies and
strontium vacancies are fully ionized, and dopant-vacancy
pairs are fully dissociated; hence the ionization reactions and
the association reactions do not need to be taken into account.
Furthermore, under dry conditions, [OHp] is negligibly small;
thus, the hydration reaction is of minor importance, and
aH,0 does not need to be considered as a thermodynamic
variable. As a consequence, the full electroneutrality condi-
tion can be simplified, in the high- and intermediate-temper-
ature regimes, to

[e']+[Accr ]+ 2[ Ve ]=[h"]+2[ V5] (59)
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Figure5. Point-defect concentrations in acceptor-doped SrTiO; ([Acc’g]=
5 x 10" cm™3) predicted by defect-chemical modelling as a function of
oxygen activity aO, at a temperature of T =900 K (intermediate-temper-
ature regime).

The number of defect equilibria that now need to be taken into
account to obtain these defect concentrations still depends, as
already noted above, on the temperature. Let us consider the fol-
lowing experiment. A sample of acceptor-doped SrTiOj; is held
at T = 1400 K, aO, = 0.2, aSrO =1 to attain equilibrium. There
are four unknowns, and thus one needs to solve four equations,
Equations (36), (53), (57), and (59), simultaneously (for the given
thermodynamic variables [Accy], aO,, aSrO, and T).

Let us now quench the equilibrated sample to T = 900 K.
Since V¥, are not sufficiently mobile at this lower temperature,
[V&] cannot change from the high temperature value. Conse-
quently, in this intermediate-temperature regime, [V%] is a
constant (the defects are frozen-in, and act effectively as addi-
tional acceptors), aSrO is no longer a relevant thermodynamic
variable, and there are only three equations to be solved for
three unknowns with three thermodynamic variables. Exem-
plary results are shown in Figure 5 for a total acceptor concen-
tration, 2[V%]+[Acch]=[Accls]=5% 107 cm™ . At this tempera-
ture and for this acceptor concentration, one discerns that the
defect chemistry is generally governed by the acceptor species,
that is, [Accig |=2[V5']>[h],[¢'] . Only under the most reducing
conditions (0, < 10732 for this T and [Accly]) does the electro-
neutrality condition become 2[Vy ]=[€’].

Having equilibrated the sample at this temperature
(T = 900 K) and this oxygen activity (a0, = 0.2), we now
quench the sample to T < 550 K. The limited surface reaction
kinetics prevent the concentration of oxygen vacancies in the
sample from adjusting to the new conditions. Hence, [V5]
is now also constant (fixed at the value from the quenching
temperature), and aO, is no longer a relevant thermodynamic
variable. The ionization reactions and dopant-vacancy asso-
ciation may, however, become important.[*>7374 For the pur-
pose of illustration, let us assume that only the ionization
reaction of an acceptor species Accy becomes important. In
this case, there are four equations, Equations (36), (47), (50),
and (59), to be solved for four unknowns with two thermody-
namic variables.

Adv. Funct. Mater. 2015, 25, 6326-6342
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Figure 6. Concentrations of mobile point defects in acceptor-doped
SITiO; ([Acc’es] = 10" cm™3) predicted by defect-chemical modelling
as a function of temperature for the intermediate-temperature and low-
temperature regimes (see text).

In Figure 6, the concentrations of oxygen vacancies and
electron holes are plotted in the intermediate-temperature and
low-temperature regimes. No data are plotted for the shaded
region, denoting 750 >T/K > 550, because the surface reaction
is so slow that a macroscopic sample would not reach equilib-
rium in a reasonable time (months to years) but not so slow
that the sample’s oxygen content does not change significantly
with time. It is emphasised that, although their concentration
is fixed, oxygen vacancies are still mobile in this low-temper-
ature regime. The surface shuts the sample off from the sur-
roundings, but this doesn't, indeed it cannot, affect the vacancy
mobility. This has important consequences for the measured
conductivity (see Section 6.2).

6. Diffusion Experiments Applied to StTiO;

The renowned physical chemist W. Oswald noted in 1891 that,
“To make accurate experiments on diffusion is one of the most
difficult problems in practical physics.” This is particularly true
of SrTiO;. In this section, some of the complications that one
encounters in studying oxygen diffusion in this material are
discussed.

6.1. Tracer Diffusion

Oxygen isotope diffusion profiles measured for nominally
undoped SrTiO; single crystals display two features:32587] a
sharp drop over tens of nanometers close to the surface fol-
lowed by a shallow decrease extending several micrometers into
the solid. The first feature can be assigned to a surface space-
charge layer depleted of oxygen vacancies; the second feature,
to diffusion in a homogeneous bulk phase. The entire profile
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can be described by a single solution to the diffusion equation
[Equation (3)] that includes isotope transport across a gas|solid
interface, through a space-charge layer depleted of oxygen
vacancies, and into a bulk phase of uniform vacancy concentra-
tion (Figure 7). The description yields the tracer diffusion coef-
ficient in the bulk Dy, the surface exchange coefficient kg and
the surface space-charge potential @,

The traditional interpretation of such two-feature profiles
ascribes the first feature to bulk diffusion and the second fea-
ture to a combination of fast diffusion along dislocations (with
diffusion coefficient Dg**) and diffusion out of the dislocations
(with diffusion coefficient D). This is known as Harrison type
B diffusion kinetics.[?107¢]

In the case of acceptor-doped SrTiO;, however, this inter-
pretation can be excluded for a number of reasons. First,
increasing the dopant concentration causes the extent of the
first feature to decrease but the extent of the second feature to
increase (compare isotope profiles reported in Refs.’#7l: this is
consistent with the first feature arising from a depletion space-
charge zone and the second feature arising from bulk diffusion.
Second, the evolution of the experimentally measured profiles
as a function of time is consistent with space-charge layers but
not with grain boundary diffusion.””] Third, analysis of the
diffusion coefficients obtained from the second feature yields
oxygen-vacancy diffusivities that are consistent with values
obtained independently for the bulk phase by a variety of other
methods (see discussion in Section 6.4). Fourth, the activa-
tion enthalpy for vacancy migration in the bulk phase obtained
from the analysis is in excellent accord with values from other
experimental and theoretical studies (see Sec. 6.4). Fifth, both
features are reproducible. Within experimental error, they
do not vary across a sample nor from sample to sample. This
implies that the behavior is characteristic of SrTiO; as a ther-
modynamic system, and thus militates strongly against the dis-
location interpretation. Sixth, a depletion space-charge layer is
expected on thermodynamic grounds to be present at a surface.
Extensive work on grain boundaries in SrTiO; has indicated the
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Figure 7. Isotope transport through an equilibrium surface space-charge
layer depleted of oxygen vacancies.32587] a) Local variation of the oxygen
tracer diffusion coefficient, Do (x) = f "Dyny(x) = D5 (o) exp[—2ed(x) [ keT],
that arises from oxygen-vacancy depletion near the surface. Solving
Equation (3) with this spatially variant Dg(x) yields the isotope profile
shown in b) [the first 40 nm], and in c) [the entire profile].
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presence of depletion space-charge layers (see Refs.3378l and
references therein). Considering a surface simplistically as half
a grain boundary, one would expect a surface space-charge layer
to be present.

It is also pointed out that isotope profiles with two features
have also been observed for analogous perovskite-oxide com-
positions: Pb(Z1,Ti)O3,7?8% BaTiO;,8! LaAlO;,2 and possibly
CaTiO5®% (see also Section 6.5).

6.2. Conductivity

Determining the oxygen-ion conductivity of acceptor-doped
SrTiO; is not simple. In the high- and intermediate-temper-
ature regimes, the conductivity is predominantly electronic,
because the mobilities of electrons and of holes are orders of
magnitude higher than that of oxygen vacancies (with strontium
vacancies being less mobile still): Uer ~ Uy, 3> Uy; > Uy, [47:5872]
Starting with the defect concentration shown in Figure 5, and
multiplying by the respective charges and defect mobilities,
one obtains the classical V-form that corresponds to p-type con-
ductivity at high oxygen activities [with ¢ e« (a0,)"/4] and to n-
type conductivity at low oxygen activities [with o e (aO,)"/4].
Figure 8 is a plot of the measured conductivity of a nominally
undoped SrTiOj; single crystal as a function of oxygen activity
at three temperatures.’325% The partial ionic conductivity is
apparent at the lowest temperature, as an aO,-independent
term that results in a flattened minimum. At the higher tem-
peratures, the ionic contribution is swamped by the electronic
contributions. One could consider this as the point-defect
behavior preventing the determination of the ionic conductivity.

In the low-temperature regime, however, the point-defect
behavior allows the ionic conductivity to be determined
directly.*74 The experiment makes use of the fact that the
concentration of electron holes is strongly diminished in a
sample equilibrated in oxidising conditions and T > 750 K and
then quenched to T < 550 K. The acceptor-like defects (acceptor
dopants but also strontium vacancies) trap the electron holes,

logo [o/Scm™]

logqg a0,

Figure 8. Equilibrium conductivity of nominally undoped (weakly acceptor
doped) SrTiO3 as a function of oxygen activity aO, at three temperatures
in the intermediate-temperature regime. Symbols are experimental data;
lines are predictions from defect-chemical modelling.3%5°]
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Figure 9. Conductivity of nominally undoped (weakly acceptor doped)
SrTiO3 as a function of temperature (under oxidising conditions). a) Pre-
dicted conductivity in the intermediate-temperature (equilibrium) and
low-temperature (quenched) regimes. b) Experimentally measured con-
ductivity: al®4l bl c[#6],

drastically reducing the p-type conductivity. Using the defect
concentrations of Figure 6 and defect mobilities,*”%8 one
can predict the partial conductivities in the intermediate- and
low-temperature regimes. One recognises in Figure 9(a) that
electron holes provide the dominant contribution to the con-
ductivity in the former regime, but in the quenched state, it is
oxygen vacancies. Figure 9(b) shows three sets of experimental
data.B®% In the original studies, the measured conductivity
was ascribed to either electron holes®# or to singly and doubly
charged vacancies.®®l The comparison with (a) clearly indicates
that the correct assignment is doubly charged vacancies at low
temperatures and electron holes at higher temperatures. In
addition, the activation enthalpies of the conductivity predicted
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for the intermediate- and low-temperature regimes are in excel-
lent agreement with measured values from Wang et al.®®
namely 0.49 eV in the intermediate regime and 0.6 eV in the
low-temperature regime. Note, too, that the conductivity meas-
ured in the transition region will vary depending on how fast
the measurements were performed, and whether they were per-
formed from high temperatures downwards or from low tem-
peratures upwards (hysteresis is to be expected).

6.3. Chemical Diffusion

The two best properties that can be used to follow chemical
diffusion in acceptor-doped SrTiO; are conductivity®” 38 and
color.?0278% The former requires the application of electrodes,
which obviously entails covering (at least part of) the free sur-
face and introducing a different interface between the elec-
trode and SrTiOs;. The latter requires a dopant species that
changes its valence and thus its absorption band in the appro-
priate window of temperature and oxygen activity; Fe is such a
dopant.[*¥ Since in general macroscopic samples are used, the
effect of the depletion space-charge layer may only be apparent
at very short times in relaxation experiments.[*%

The analysis of chemical diffusion data is easiest in the
defect regime, [e']=2[V5] , for which Equation (26) is valid.
At high oxygen activities, the presence of a variable-valence
dopant, such as Fe, requires a more complicated analysis!®2¢-%7]
that nevertheless may yield Equation (26) in the end.

6.4. Summary for SrTiO;

Comparison of diffusion data is done best at the level of defect
diffusion coefficients, Dy.r. The benefit for systems in which
the interactions between point defects are negligible is, as
noted previously, that the defect diffusion coefficients are inde-
pendent of defect concentration; at high defect concentrations,
Dger is generally expected to vary with defect concentration.
Extracting Dg.r from measured D*, D, or D° does require, how-
ever, detailed knowledge of the defect chemistry; as we will see,
this is not always available.

In Figure 10 data determined for the diffusivity of Vg in
SrTiO; are summarised. Chemical diffusion measurements
yielded datasets a, b, ¢ and d;#7:8891.92] elec-
trical measurements yielded e, f, g and
k458486931 an acceptor level of 5 x 107 cm™
was assumed to convert conductivities of
nominally undoped single crystals into
vacancy diffusion coefficients); and tracer
diffusion studies yielded the dataset h. The
global expression j was derived in Ref.’8l
to describe a, h and e; it is seen here to
describe additional data ¢, d, f and g as well.
This good agreement extends the range of
the global expression down to room temper-
ature and confirms its reliability.

Concerning the activation enthalpy of
vacancy migration, one satisfyingly finds
good agreement between macroscopic

8.
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Figure 10. Comparison of vacancy diffusion coefficients obtained experi-
mentally for SrTiO;. al®"l bl87] cl88] d[92] e[*3] 184] gl86] KI>8]j global expression
derived in previous workl>8 ki3],

(chemical,®”] tracer,’® conductivity®8°! diffusion experiments;
microscopic (nuclear spin relaxation® and anelastic relaxa-
tion!>! hopping experiments; and atomistic simulations.?>°¢:%7]
The value is in the range of AH, . =0.62 - 0.67 eV.

At lower temperatures, defect interactions involving oxygen
vacancies evidently become important. There is experimental
evidence that acceptor-dopant cations, such as Ni% ,*
Mn% (0768 and Fe’; 78] trap oxygen vacancies at nearest-
neighbor positions. A recent computational studyl®” revealed
that the dopant cation affects the site energies of a vacancy
beyond the nearest-neighbor position, and furthermore, it
increases the local activation energies for vacancy motion, as
indicated in Figure 11. The consequence for the long-range
migration of oxygen vacancies is an increase in the measured
activation enthalpy of diffusion or conduction. In the case of
Ni-doped StTiO; (k in Figure 10), for example, the measured acti-
vation enthalpy, from conductivity investigations, increases to
ca. 1 eV."”I Not all acceptor-dopant species cause a change in acti-
vation enthalpy, however: the interactions are evidently negligible

la2b3c4dS5eb6
Position

@ s> @ 0> @ Ti*

Figure 11. Schematic illustration (left) and corresponding energy landscape (right) of an
oxygen vacancy around an acceptor dopant Nif; in SrTiO;. The positions 1 to 6 refer to site
energies, whereas the positions a to denote saddle-point energies.[5°l
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in the case of nominally undoped SrTiO; (j in Figure 10),
with the migration enthalpy remaining constant down to room
temperature.[8+86.9]

6.4.1. Diffusion Across and Along Extended Defects

Grain boundaries in acceptor-doped SrTiO; and BaTiO;, that
are free of second phases, are found universally to display lower
conductivities (for transport across the interfaces) than that of
the bulk phase. This behavior can be accounted for quantita-
tively in terms of positively charged grain boundaries and neg-
atively charged space-charge layers.?*78l There is currently no
evidence for fast transport of oxygen along grain boundaries or
dislocations. Schaffrin, in a chemical diffusion experiment,*’!
and Watanabe et al., in a tracer diffusion experiment,[%! found
polycrystalline samples to behave as indicated in Figure 4a, and
thus observed drops in oxygen (concentration/isotope) profiles
at grain boundaries, as indicated in Figure 4b. (See also the
study by Leonhardt et al. for chemical diffusion experiments
on a bicrystal.)l!%!l No preferential penetration of oxygen along
grain boundaries was observed in either case.

There are several reports of fast-path diffusion of oxygen along
dislocations in SrTiO;,P1192-1%] byt in all cases there are doubts
concerning not only how the work was performed, but also how
the results were analysed and interpreted. A recent experimental
study found no evidence for the fast diffusion of oxygen along
edge dislocations comprising a low-angle tilt grain boundary.*?
In addition, static lattice calculations indicated a thermodynamic
driving energy for space-charge formation at edge dislocations,
confirming earlier predictions,>1%! and tentatively concluded
that the activation barriers for oxygen ion migration were higher
at dislocations than in the bulk. Molecular dynamics simula-
tions of oxygen diffusion along the grain boundary confirm that
diffusion along the dislocations is slower than in the bulk.'"’] It
appears that in oxide systems, in which one ion is highly mobile
in the bulk phase (for example, oxygen ions in perovskite-struc-
tured oxides and in fluorite-structured oxides), ion transport
along extended defects in hindered.[3%108.10%]

6.5. Oxygen Diffusion in Related Titanate Perovskite Oxides

There is more than one set of oxygen diffusion data for each
of BaTiO; (BT), CaTiO; (CT), and Pb(ZrTi)O; (PZT). The
extensive data available for BaTiO; are discussed in detail else-
where.Bll In this section data for nominally undoped CaTiO;
and Pb(Zr,Ti)Os are reviewed, in order to draw attention to cer-
tain problems and discrepancies.

Figure 12 is a summary of oxygen self-diffusion coefficients
for CaTiO5®311%12 and Pb(Zr,Ti)05.7>8%113] Given the avail-
able data and the lack of knowledge concerning the effective
acceptor concentrations in the samples that were studied, it
was deemed prudent to consider Do rather than D,,. Where
tracer data are available, self-diffusion coefficients were calcu-
lated with the tracer correlation coefficient for a cubic ABO;
perovskite (f = 0.69128, even though CTIM4 and PZT!PI do
not exhibit cubic symmetry throughout the entire range of
investigated temperatures. Chemical diffusion data (available
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Figure 12. Comparison of oxygen self-diffusion coefficients obtained
experimentally for CaTiO; (al'% b""l ¢ d112 1e['2 and Pb(Zr,Ti)O;
(f79lg (50] p113],

for CT) were converted via vacancy diffusion coefficients into
self-diffusion coefficients on the assumptions of Dy, = D$/3
and [Acc’] = 2 x 10" cm™. Since some of the CT specimens
studied were taken from the naturally occurring mineral, con-
siderable variation between oxygen self-diffusion coefficients is
to be expected.

Nevertheless, examination of the data for CT in Figure 12
does not yield a consistent picture. The activation enthalpies
of self-diffusion, in particular, vary from 0.56 eV to 4 eV. The
problem may be due in part to the tracer data: Gautason and
Muehlenbachs!!!!l conducted gas-phase monitoring of isotope
exchange, but did not take account of surface exchange kinetics,
which probably determined the overall rate of exchange for
their powder samples. Sakaguchi and Haneda,®¥! in contrast,
obtained isotope profiles in the solid—isotope profiles with two
features—, but they attributed the first feature to bulk diffu-
sion and the second to fast-diffusion along twin boundaries. It
is unclear whether this traditional assignment, or whether the
alternative—diffusion through a depletion space-charge layer
followed by bulk diffusion (see Section 6.1)—is correct.

In the case of PZT, the data may be consistent at the level of
the vacancy diffusivity. Differences in the absolute magnitude
of Do may arise from the slightly different formal composi-
tions, Pb(Zr( 35Tig¢5)03,"" Pb(Z14Tip)03,18% and Pb(ZrsTios)
03"l and from the differing degrees of lead deficiency, in
view of the electroneutrality condition being 2[V7;,] = 2[V] 1116
Consequently, this suggests that at the investigated (low)
temperatures, [Vy,] is constant, which fixes [V5], and hence
that AH,; is zero. Consequently, the measured activation
enthalpy of oxygen diffusion refers to migration alone. The data
do imply a change in migration enthalpy, from 0.9 eV to 0.6 eV
at around 400 °C, coincident with the change in symmetry to
the high-temperature cubic structure. Further studies of
Dy (and Dy, !) will prove helpful in elucidating the migration
behavior of point defects in this material.
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It is emphasised that, in both oxygen tracer diffusion studies
of PZT,7980 3 sharp feature in the isotope profile at the surface
was observed. And in both cases it was assigned to the presence
of a space-charge layer depleted of mobile oxygen vacancies.

6.6. Oxygen Diffusion in Related Zirconate and Cerate
Perovskite Oxides

The examination of oxygen-ion transport in the alkaline-earth
zirconate perovskites [CaZrO; (CZ), SrZrO; (SZ), BaZrO; (BZ)]
and cerate perovskites [SrCeO; (SC), BaCeO; (BC)] is compli-
cated by three factors. First, and most importantly, these mate-
rials dissolve significant amounts of water according to Eq. (54),
generating high concentrations of mobile protons.[*3128-131 The
measured conductivity may contain contributions, therefore,
from electrons, electron holes, oxygen vacancies and protons.
And a conductivity that is independent of aO,, though free of
electronic contributions, may be due to oxygen vacancies or
protons, or some mixture thereof.

Second, the materials that have been investigated are not
dilute systems but solid solutions: the host Zr*" or Ce*" is
substituted with, say, 10% or more of Y3*, In*", or Gd**. This
may lead to the vacancy diffusivity varying with the amount
and type of trivalent substituent, on account of defect interac-
tions and/or changes in crystal symmetry. Third, the effective
concentration of acceptors (and thus that of oxygen vacancies)
may be much lower than the nominal value, because the triva-
lent cations may substitute onto both divalent A sites (and act
as donors) and tetravalent B sites (and act as acceptors);[*3131
in addition, the trivalent cations may possess limited solubility
(for a nominal 10% substitution of In*" into CZ, only =4% is
incorporated into the CZ latticel128,

Bearing these points in mind, let us consider the data plotted
in Figure 13 for the alkaline-earth zirconates. Here I have not
attempted a comprehensive review of the literature; rather I
present selected data that are probably representative of oxygen-
vacancy diffusion (it is difficult to be certain if one only has con-
ductivity data to hand). The (pseudo-)cubic BZ and SZ composi-
tions display relatively similar values of Dy, whereas the strongly
distorted (orthorhombic) CZ compositions show considerably
lower values. The activation enthalpies of vacancy migration
behave correspondingly, with BZI3117-119.132.133] g d §7[43.120-122)
solid solutions exhibiting AHy,v = 1 €V, whilst those for CZ
are much higher, varying from 1.8 eV up to 2.6 eV.[23-127]

Figure 14 compares oxygen-vacancy diffusivities in solid
solutions based on the alkaline-earth cerate perovskites:
BaCeO; (BC)I*313+136 and SrCeO; (SC).1*3124137 The datasets a,
b, and c all refer to BaCey9Y(10,.0s; they agree very well with
one another and they can be described with a single activa-
tion enthalpy of 0.62 eV. The single crystal data, d, has a lower
vacancy diffusivity and a higher activation enthalpy of migra-
tion, both of which may arise from the different dopant (Gd)
or from the supposed distribution of Gd on both cation sites
[(BaossGdo.oz)(Ceo.s7Gdo.13)02.945]-[136] In comparison, the Dy
values for SC are significantly lower, and this can be attributed
to SC adopting a more distorted structure (orthorhombic) than
BC (pseudo-cubic). Surprisingly, the two oxygen tracer diffu-
sion studies (el'*! and gl'3”1') on SC with 5% Yb show some
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Figure 13. Comparison of oxygen-vacancy diffusion coefficients obtained
experimentally from conductivity studies for solid solutions based on
A'ZrO; perovskites. BaZrOs: al*l b7 11181 dI'19). SrZrO;: el120] f121] gl43]
h122, CazrO,: ml123] 124l pl125] q126] ¢l127]

differences, but are of a similar order of magnitude to data (ft*3))
extracted from conductivity measurements.

Comparing, finally, data from titanates, zirconates and cer-
ates, one finds that the highest vacancy diffusivities are found
for weakly acceptor-doped SrTiO; and BaCeyoY( 10,95 (with
almost identical activation enthalpies and pre-exponential fac-
tors), and the lowest for CaZr;g¢Ing¢40;.9s. In general, strong
distortions of the perovskites structure will lead to lower diffu-
sivities for oxygen vacancies.
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Figure 14. Comparison of oxygen-vacancy diffusion coefficients obtained
experimentally for selected solid solutions based on A"'CeOj; perovskites.
BaCeOy: al*¥l bl134l 1331 dl136], SrCeO,: €124 fi43 Igl137),
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Figure 15. Comparison of oxygen-vacancy diffusion coefficients obtained
experimentally for selected perovskite oxides. a:*% SrTiOs; b:®1l BaTiOs;
a4 LaAlOg; dP8 (LageSro) (GagsMgo2)Oagsi € (BagsSros)
(CoogFeg2)Os.5 fI0 (NagsoBio.s) (TiossMo.02) O2.065: &' BalnO,s;
and 4, prediction from Equation (60), see text.

7. The Diffusion of Oxygen Vacancies in ABO;
Perovskite Oxides

By way of concluding this article, I compare in Figure 15 the
diffusion coefficient for oxygen vacancies in selected ABVO,
perovskites, AMBWYQ; perovskites, and one disordered
A'BMQ, ¢ brownmillerite. In addition to data for three nomi-
nally undoped (weakly acceptor-doped) systems, SrTiO;,l°8l
BaTiO;®1 and LaAlO;,82] data for four highly defective perovs-
kite oxides are plotted: (LagoStq1)(GagoMgg,)O,.g5 LSGM, 138
(Bag.5Sto.5) (Cog sFeg 5)03.8 BSCF, M (Nay 50Big49) (Tio.0sMgo.02)
0,065 NBTM,['* and BalnO,s BL.I*Y LSGM and NBTM
constitute two of the best perovskite-based oxygen-ion elec-
trolytes; BSCF is, perhaps, the best mixed conducting (elec-
tronic and oxygen-ionic) perovskite oxide. The data plotted for
BI refer to the high-temperature phase, in which the oxygen
vacancies are randomly distributed, and not to the low-tem-
perature brownmillerite phase with ordered vacancies.

It is extremely surprising, therefore, to find that, regardless
of vacancy site fraction, the oxygen-vacancy diffusivity for ST,
BT, LA, LSGM, BSCF, NBTM, and BI all lie very close together
in Figure 15. Does this indicate a fundamental limit to the
oxygen-vacancy diffusivity in an ABOj; perovskite? Although it is
impossible to reach any firm conclusion at present, one can try
to estimate a limit for Dy;. From Equation (18) one can express
the vacancy diffusivity in terms of five quantities, namely,

AS,. v
D (T)= %aZZVO exp( gV )exp(

—AH_. -
mig,Vo 60
() o

kT

Three of the five quantities are relatively certain. For a
perovskite oxide that is cubic (all sites and jump distances
are equivalent) and that has a unit-cell length 4.25 A, one

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MaterlalsVIews.com

has Z =8 and a = 3.01 A. Also, AH,,y; is evidently at least
0.5 eV.1>"1728 The two remaining quantities are problematic, or
rather, the term Vo €Xp(AS,;, s /ks) is problematic. If one takes
the attempt frequency to be of the order of the Debye frequency
Vo = 1013 Hz, and if one assumes, for the sake of argument,
AS, i vs = ks , one obtains the line 4 in Figure 15. (Activation
entropies of vacancy migration are not known for perovskites
but for simple ionic solids they are * a few kg.)°!

Evidently, if the activation entropy of vacancy migration for
various perovskite oxides is generally not higher than —kg (for
vp = 10'® Hz), then we are already at or close to the physical limit
of Dy, . If, on the other hand, the activation entropy of vacancy
migration is much higher (and one requires AS, ; =+3.6k;
for an increase in Dy, of 10%), then obviously perovskite oxides
with superior vacancy diffusivities are waiting to be discovered.
Whether it is physically possible to combine, in one material,
high a, high voexp(AS,;, s /ks) and low AH,, .. with the
ability to accommodate a high concentration of 1 randomly dis-
tributed oxygen vacancies and high thermodynamically stability,
in order to produce a truly exceptional oxygen-ion conductor,
remains to be seen.
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