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Faster grain-boundary diffusion with a higher activation
enthalpy than bulk diffusion in ionic space-charge layers

Timon F. Kielgas,” Roger A. De Souza*“

Faster diffusion of cations along grain boundaries is reported in the literature for a variety of acceptor-
doped ABOj3 perovskite-type oxides. The ratio r of the activation enthalpy of grain-boundary diffusion
(AH®P) to the activation enthalpy of bulk diffusion (AH) is seen experimentally to lie in the range
0.7 < r = AH® /AH® < 1.3, albeit with substantial errors. In a previous publication [Parras and De
Souza, Acta Mater., 2020, 195, 383] it was shown through a set of continuum simulations that
cation-vacancy accumulation within negative space-charge layers at grain boundaries in acceptor-
doped perovskites will give rise to faster grain-boundary diffusion of cations, with the associated
values of r approaching but not exceeding unity. In the present study, we demonstrate by means of
continuum simulations that r > 1 is possible for faster cation diffusion along grain boundaries in an
acceptor-doped perovskite. The specific case we consider is cation diffusion occurring by two related
mechanisms, by slower (charged) isolated cation vacancies and by faster (neutral) defect associates of
cation and anion vacancies. Within the negative space-charge layers, the isolated cation vacancies are
strongly accumulated, whereas the neutral associates are unaffected. We calculate diffusion profiles
for a two-dimensional bicrystal geometry by solving, first, Poisson's equation, and subsequently, the
diffusion equation. We find that, if a small concentration of faster defect associates is responsible
for bulk diffusion, and a hugely enhanced concentration of slower isolated vacancies yields faster
diffusion along space-charge layers, r > 1 is obtained. The conditions under which r > 1 may be

observed are described, and issues with experimental confirmation are discussed.

1 Introduction

In ionic solids, grain boundaries, as two-dimensional defects, are
not required in electrochemical equilibrium to be locally neu-
tral. Grain boundaries are expected to be electrostatically charged
and thus enveloped in compensating space-charge layers to fulfil
global electronetrality. A neutral grain boundary is expected to be
the exception. Within the space-charge layers, the concentrations
of charged point defects may differ by orders of magnitude from
their bulk values, with consequences for those processes that de-
pend directly on defects, such as the transport of ions.

Prime examples of ionic solids with charged grain boundaries
are acceptor-doped and acceptor-substituted titanate perovskites.
The transport of oxide ions across pristine grain boundaries
(i.e. those free of second phases) is known to be hindered.1"Z This
is attributed to the grain boundaries being positively charged,
which leads to the positively charged oxygen vacancies (the de-
fects responsible for oxygen diffusion in these materials) being
depleted in the neighboring space-charge layer. 2712
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Much less attention, however, has been devoted to how space-
charge layers affect mass transport along grain boundaries in
these materials. The species that are expected to diffuse at faster
rates along space-charge layers than in the bulk phase are cations,
since the defects responsible for cation diffusion in perovskites
are negatively charged cation vacancies, and these defects will be
strongly accumulated in the space-charge layers.2'13/14

Experimentally, faster diffusion of cations along grain bound-
aries in acceptor-doped perovskite oxides has indeed been ob-
served, 12724 but altered point-defect concentrations in space-
charge layers are rarely invoked as an explanation. Generally,
the observed behaviour is attributed, as in metals, to the atomic
arrangement within the grain-boundary core being more open
than in the bulk. As in metals, the activation enthalpy of grain-
boundary diffusion is expected, therefore, to be roughly half as
high as that of bulk diffusion, that is, r = AHZ®/AH® ~ 0.5, and
thus diffusion, being exponentially dependent on the activation
enthalpy, is much faster along grain boundaries than in the bulk,
D > pb. There is a problem, however, in applying this stan-
dard picture of faster grain-boundary diffusion to the diffusion
of cations in acceptor-doped perovskite oxides. If one examines
values of r obtained experimentally (see Fig. [I), one generally
finds values well above the r =~ 0.5 expected for metals, and in
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Fig. 1 Cation diffusion in selected ABO3; perovskite oxides: (a) Activa-
tion enthalpies for bulk diffusion AH® and for the grain-boundary diffusion
product AH®. (b) The ratio of the activation enthalpies, r = AHE" /AH".
A: Ce in BaZrO527 B: 52Cr in Lag.gSrg.2Gag.gMgg 20 g8, C: 56Fe in
LaGaO328 D: Fe-Co interdiffusion in Lag Stg4CoO3_s2% E: 88Sr in
Lag.6Sro.4C003_52% F: 56Fe in Lag 5Srg 2Gag Mg 202 28

fact, values closer to, and even exceeding, unity. Such values are
physically inconsistent with the standard picture, and thus sug-
gest that there is a phenomenon in oxides, but not in metals,
that generates D2 >> DP. The one key difference between met-
als and oxides, as pointed out by Kingery,2 is that the latter are
composed of ions, and as a consequence, space-charge zones may
develop at extended defects.

Starting from a thermodynamic description of space-charge
layer formation,®21026 parras and De Souza used continuum sim-
ulations to examine values of r for the case of faster diffusion
along space-charge layers at a grain boundary (but not within the
core). Their results indicated r < 1, and they presented quanti-
tative arguments that ruled out higher values of r within their
model (of a dilute solution of point defects and diffusion occur-
ring by a single migration mechanism).>/ The question thus arises
whether r > 1 is due to experimental error or whether, within a
different model, it is physically reasonable.

In this study, we used continuum simulations to examine if
r > 1 is physically possible for faster cation diffusion along grain
boundaries in acceptor-doped perovskite oxides. To this end, we
relaxed to a limited degree the constraint (used by Parras and De
Souzal®) that the migration mechanism is the same in the bulk
and in the space-charge layers. The possibility of two completely

2| Journal Name, [year], [vol.], 1
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different mechanisms (e.g. vacancy migration in the bulk and in-
terstitial migration in the space-charge layers) is ignored because
it is not applicable to cation diffusion in perovskites (the ener-
gies of Frenkel disorder being prohibitively high“?®34) and fur-
ther, because it is a somewhat trivial case. Rather, being aware of
two particular, related strontium-vacancy migration mechanisms
in SrTi04,°"37 and being aware of the positive space-charge po-
tential at grain boundaries in acceptor-doped perovskites, 2612
we considered the possibility of faster diffusion of Sr along a grain
boundary in SrTiOs. Specifically, the two related mechanisms are
the migration of slower (charged) isolated strontium vacancies
(with an activation enthalpy of ca. 4 eV) and of faster (neutral)
defect associates of strontium and oxygen vacancies (with an ac-
tivation enthalpy of ca. 3.4 eV).2>"37 And specifically, the positive
space-charge potential causes the negatively charged, isolated
cation vacancies to be strongly accumulated, whilst not affect-
ing the neutral associates. Thus, if the defect associates form in
sufficient numbers in the bulk, they may, with their lower migra-
tion enthalpy, dominate bulk diffusion, whereas within the space-
charge layers, the enhanced concentration of isolated cation va-
cancies may—despite their higher migration enthalpy—give rise
to faster grain-boundary diffusion.

In order to implement this model, we take a similar approach to
Parras and De Souza:12 starting from a thermodynamic descrip-
tion of space-charge formation, using a dilute-solution model of
SrTiO3’s defect chemistry, and focussing on a bicrystal geometry,
with the grain boundary situated normal to the surface. We com-
puted point-defect concentrations, and subsequently, Sr cation
diffusion profiles in the simulation cell by finite-element-method
(FEM) calculations. From these results, we extract the grain-
boundary diffusion product ¢€* D€ and from data as function of
temperature, the corresponding activation enthalpy for the grain-
boundary diffusion of Sr, AH2®, which we then compare with the
bulk activation enthalpy AH®.

2 Point-defect concentrations in SrTiOs

2.1 Bulk-defect Chemistry

The defect chemistry of SrTiO5 is well established, 284 and for
the temperatures of interest (7 > 1200 K), one needs to take the
partial Schottky equilibrium for SrO into account (as well as the
generation of electron and holes, and the reduction of the oxide).
In the present case, this standard defect model needs only to be
extended by considering the association of strontium vacancies
and oxygen vacancies. All defects are assumed to be fully ionised
for all (temperature 7" and oxygen activity aO;) conditions con-
sidered. Defect ionisation equilibria (for acceptor dopants, for
strontium vacancies, for oxygen vacancies and for associates) are
not included in the model, since their inclusion, for the purposes
of this study, would add unnecessary complexity to the defect be-
haviour in the bulk and in the space-charge layers.

The defect-chemical equilibrium describing the association of

strontium vacancies and oxygen vacancies, 2037 in Kroger-Vink
notation,4>"7 reads as

! ~

st vo = (vgv0) ™, (€]
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Fig. 2 Bulk concentrations of point defects in acceptor-doped SrTiO3 as a function of inverse temperature. Entropy of associate formation is varied:
(a) AS, =0 kg, (b) ASa =2 kg, (c) ASa = —4 kg. Parameters are [Acc’| = 8.43 x 10** m~3, a0, = 0.2, and AH, = —1 eV.

with equilibrium constant

0 AS, AH,
0605 g (35 g (2]
vs: - [vo ] ks ksT
where [def] denotes the concentration of species def in m—3; K9

is the pre-exponential term; AH, and AS, are the entropy and
enthalpy of associate formation.

K, = 2

We consider acceptor-doped SrTiO5, with an acceptor dopant of
constant valence. The electroneutrality condition for this model
is thus

2[vp] + [h*]1=[€e] + 2[v5] + [Acc]. (3)

The other defect-chemical equilibria are, as mentioned above, the
SrO partial-Schottky equilibrium,

0§ + Sr§, == v¢, + vy + SrO, 4
with equilibrium constant
o AHgch
Kseh = [V&] - V5] = Kgen-exp | = |5 (5)
kT
the oxygen reduction reaction,
X oo / 1
Op = vg + 2e +5027 (6)
with equilibrium constant
oo AHR d
Keea = V51 M ) = Ky ep (-5t ). )

and the thermal excitation of electrons across the band gap to
form conduction-band electrons and valence-band holes.
nil = ¢’ + h°,

®

with equilibrium constant

0_
Ken = [€] [0"] = Ne(T)Ny (T ) exp (Egkbng> N C))

with the effective density of states in the conduction and valance

band N¢(T), Ny(T), the band gap E?, and the temperature coef-
ficient B,. Values for Kgch, Kred, Keh Were calculated from the pa-
rameters derived by Moos and Hérdtl,*¥ and are listed in Table[1]
The association reaction has not been examined experimentally,
and hence a value of AH, = —1 eV was used; AS, was taken to
have a range of values, AS,/kg = {0,—2,—4,—6,—8,—10}, in or-
der to shift the temperature at which the association equilibrium
is predominantly on the right-hand side or the left-hand side of

eqn (I).

Table 1 Parameters used in this study to model the defect chemistry
and the diffusion of Sr in bulk SrTiO3.

Parameter Value Units Ref.
KQ. 3x10° m° 44
AHSCh 2.5 eV 44
K. 5% 10% m~? bar®? 44
AHRed 6.1 eV 44
Ne(T) 4.1x 102 (T /K)'? m~3 44
Ny(T) 3.5x10%% (T/K)' m3 44
EQ 3.17 Y 44
Be 5.66x 1074 eVK™! 44
K? 1.98 x 1072 m? -
AS, {0,-2,—4,—6,-8,—10} ks -
AH, —1 eV -
ds; 3.905 x 10710 m -
Vo, 10.2 x 1012 Hz 36
ASh e 2.0 kp 36
AH 3.96 eV 36
Vo 20.3 x 1012 Hz 36
AS} i 0.88 kg 36

 ea 3.41 ev 36

Eqns @), @), (D, (7) and (9) were solved simultaneously with
the Python package MASSACTION®E to yield defect concentrations
as a function of T for a0, = 0.2 and [Acc’] = 8.43 x 10** m~3
(dopant site fraction of 0.05 %). Results are plotted in Fig. [2] for
three selected values of AS,. While appreciable cation diffusion in
the bulk is not expected for 7' < 1200 K,374250/ it is useful here to
consider data below this temperature. Anticipating later results,
we make three remarks on the general behaviour shown in Fig.
First, the temperature at which the isolated and associated vacan-
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cies are equal shifts to lower temperatures with decreasing AS,.
Second, [v4,] remains unaffected by the association equilibrium,
even when [(vgvp)*] > [v&;] [Fig. (@)1, since [vp] is so high
that it fixes [v4,] through Kg., [eqn (5)]. Third, [vyy] exhibits in
all cases a small but clear minimum, and this occurs when [h°]
and [vg,] become appreciable relative to [Acc’] and [vg].

Strontium ions in perovskite SrTiO3 can, as mentioned above,
diffuse by means of isolated as well as by means of associated va-
cancies,2>"3Z and the respective diffusion coefficients are D; and
D,. The total diffusivity of strontium cations in the bulk is as-
sumed to be the sum of the two, weighted by their respective site
fractions,

~ [vsr [((Vsrvo) 7]

TP e (10

Since the SrTiO5 lattice adopts cubic (Pm3m) symmetry at the
temperatures of interest, in each case (D;, D,) the different jump
directions are symmetry equivalent and defect migration is char-
acterised by a single activation barrier. Each defect diffusion co-
efficient Dy.; can be thus written as>123

i i
7z AST . AH” .
Dot = defdgrvo,def'exp mig,def cexp | — mig,def . an
6 ks kgT

Zget is the number of jump neighbors (Z; =6, Z, = 2); ds;,
the jump distance; vy qf, a characteristic lattice frequency; and
Aanig’ e and AHr:ir:lig, o> the activation entropy and enthalpy of de-
fect migration (see Table.

Eqns and were then used, together with the calcu-
lated defect concentrations, to obtain D (T) for different en-
tropies of associate formation. The results are shown in Fig. 3] (a).
D'§r for different AS, converge at higher temperatures, since iso-
lated v¢, dominates over associates (cf. Fig. . At lower temper-
atures, Dgr is larger for smaller values of AS,, since this yields
higher concentrations of the more mobile (vgvy)™ associate.

From the DY (T) data, the activation enthalpy of strontium
diffusion in the bulk is calculated for a rolling average of
40 K [Fig. [3| ()]. TFor all values of AS, considered, AHY
goes through a maximum. This behaviour can, of course,
be understood in terms of the defect chemistry and the de-
fect diffusivities. For lower temperatures, the electroneutrality
condition can be approximated by [Acc’] =2[v(y]. If the asso-
ciates provide the dominant contribution to Dgr, then the ac-
tivation enthalpy of strontium diffusion can be shown to be
AHB = AHiig’a + AH, + AHs., = 4.91 eV. For intermediate temper-
atures, with a dominant contribution from isolated strontium va-
cancies, and with the same approximate electroneutrality condi-
tion, one obtains AHB = AH::1i it AHg, = 6.46 eV. These two val-
ues are indicated by dashed lines in Fig. [3|(b). The higher limit is
exceeded slightly by the actual data for datasets with higher AS,
because the contribution of the associates to Dls’r is not negligi-
ble. And finally, at the highest temperatures considered, isolated
strontium vacancies continue to provide the dominant contribu-
tion, but the electroneutrality approximation effectively becomes
2[vg,] +[Acc’] = 2[vey] + [h°]. In this case no simple expression can
be derived for AHY. Nevertheless, the data in Fig. indicates that
the temperature dependence of [v4,] becomes weaker with the
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Fig. 3 Bulk diffusion coefficients of strontium in SrTiO3 calculated from
defect concentrations and defect diffusivities for diffusion by means of
isolated vacancies and defect associates. (a) Bulk diffusion coefficients
as a function of inverse temperature. (b) Activation enthalpy of bulk
diffusion over a rolling interval of 40 K, plotted as a function of temper-
ature. Different datasets refer to differing values of the entropy of defect
association AS,.

change in electroneutrality condition, and hence, relative to the
data below this temperature, AH} has to decrease.

Since experimental studies of cation diffusion in perovskites are
extremely difficult to carry out, and the density of experimental
data points as a function of temperature is accordingly rather low,
possible deviations from linear Arrhenius behaviour may rarely be
directly evident.

2.2 Point-defect concentrations in space-charge layers

In order to treat the grain boundary and the space-charge layers,
we assume the standard two-phase model, 810126154556l jpy which a
grain-boundary phase of finite width (w°) is sandwiched between
two semi-infinite bulk phases. The thermodynamic and kinetic
properties of point defects, such as standard defect chemical po-
tentials and defect diffusivities, are thus assumed to display one
value in the bulk phase and in the space-charge layers all the
way up to the core and a different value in the grain-boundary
core. This emphasises the fact that space-charge regions refer to
bulk lattice with (strongly) modified defect concentrations. We
assume also that the grain boundary is flat and laterally homoge-
neous, so that a one-dimensional treatment of the electric poten-
tial (in the direction y normal to the grain boundary) is sufficient.

Page 4 of 12
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Fig. 4 Electric potential ¢ and defect concentrations [def] across a grain boundary, for which oxygen-vacancy segregation (Apy = —2 eV) drives

space-charge formation, producing a positively charged core and negative space-charge layers. Positive defects are plotted with solid lines; negative
defects, with dashed lines; and the neutral defect, with a dot-dashed line. Entropy of associate formation is varied: (a) AS; =0 kg, (b) AS; = -2 kg,
(c) ASy = —4 kg. Simulation parameters: T = 1100 K, a0, = 0.2, [Acc’| =8.43 x 10** m~3, and AH, = —1 eV.

Furthermore, we assume that space-charge formation is driven
by the preferential formation of oxygen vacancies in the grain-
boundary core, 81026l that is, the standard chemical potential of
oxygen vacancies is lower in the grain-boundary core than in the
bulk, Aug = 1y — 3 < 0; A, is set to zero for all other de-
fects for simplicity (this constraint can be relaxed;®>7 for this
study, Apy < 0 is the minimum requirement to guarantee a pos-
itive space-charge potential and thus cation-vacancy accumula-
tion in the space-charge zones). Furthermore, we assume that
electrochemical potentials figef can be defined for point defects
in the bulk and in the grain-boundary core, and that they take a
(modified) Fermi-Dirac form (see below). And we assume that
in electrochemical equilibrium, the electrochemical potentials of
mobile defects are constant throughout the system.

In this study, a single, temperature-independent value of the
thermodynamic driving energy for space-charge formation was
used, Auy = —2 eV. This value, it is noted, is consistent with
the results of atomistic simulations of selected grain-boundaries
in SrTiO5,28°02 and with values of Au2 required in continuum
models to produce physically reasonable space-charge potentials
and to explain experimental data quantitatively.® Furthermore,
with Ap (= uy° — ug ) being the difference between two in-
dividual point-defect formation free energies, it has been sug-
gested® that a limiting value is probably half an order of magni-
tude, Au /eV = —10°° ~ —3.2, and the taken value is well within
this range.

It follows that the Poisson equation to be solved [cf. eqn [B)] is

dz(P / oo / / .
—E0E gy = e (—[Acc]+2[v5 ] - 2[Vs,] — [¢] + 7)),

(12)
where ¢ is the electric potential and e&yg; is the dielectric per-
mittivity of SrTiO3.2% The boundary conditions are V¢ = 0 and
¢° = 0. All five (charged) defects are assumed to be sufficiently
mobile to achieve electrochemical equilibrium. To obtain the rela-
tionship between local concentration and electrostatic potential,
we assume, as noted above, electrochemical equilibrium and a
modified Fermi-Dirac form of the electrochemical potential of a
defect. The modification is required to take account of various
species sharing the same sublattice. For the Sr sublattice, for ex-
ample, v, and (vg,vo) ™ need to be taken into account. This leads,
for instance, to the electrochemical potential of strontium vacan-
cies being

_ - ved ()
/" (y):/.t ' +kBT-ln( +z H€¢(y).
=i Nor — V&l 0) — (v 10) )+ %
(13)
Here, Ng; is the site density of Sr, and Zy =2 is the relative

charge of a strontium vacancy. Rearrangement of eqn yields
b b +2e¢(y)
Ngr [V - exp (kBiT

Ngr + [Vlslr]b - eXp (%(PT@)) - [Vgr]b

Vel (v) = 14
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Fig. 5 (a) Two-dimensional simulation cell of two grains separated by a grain-boundary core of finite width. Sr diffusion takes place, as indicated by
the red arrows, from a constant source (on the left-hand side) into the bulk, and along the space-charge layers and into the bulk (diffusion in the core
is negligible). (b) 2D plot of the Sr concentration in the cell after a diffusion anneal, showing enhanced diffusion along the grain-boundary region.

The equivalent expression for the concentration of oxygen va-
cancies, including the thermodynamic driving energy for space-
charge formation Auy” reads

[Vz)']b~exp (—26¢(y)— v

Apy x
- (No = [(vsrvo) *](v))
VE10) = )
v P+ G exp (22

—2e —Au? .o
¢(y)T My ) — g
(15)

Expressions for electron and hole concentrations follow the stan-
dard Maxwell-Boltzmann form cger = ¢5,rexp (zdered (v) /kp T).2

The spatial variation in the associate concentration does not
enter the Poisson equation, since these species are neutral. An
expression is required, however, to calculate local strontium dif-
fusivity according to eqn (10). It reads

VA]0)
716
A (2e<¢<y>>)

[(Vsrv) “]° kpT

[(vsrv0) ] (v) = (16)

The calculated electric potential and defect concentrations
across a grain boundary at 7 = 1100 K are plotted in Fig. |4] for
different AS,. In the space-charge layers, oxygen vacancies and
electron holes are depleted; and acceptor-dopant cations, isolated
strontium vacancies and electrons are accumulated. The concen-
tration of associates shows no significant change within the space-
charge layers: such defects are charge neutral; also, the depletion
of oxygen vacancies and the accumulation of strontium vacancies

Table 2 Parameters used in this study to model the interfacial defect
chemistry of SrTiO3.

Parameter Value Units
Apy -2 eV
NE 2.5 x 1077 m3
NE 2.5 x 102! m?
we 1x107° m

6 | Journal Name, [year], [vol.], 1

fixes through K, [eqn (@2)] the associate concentration. Since the
concentration of acceptor dopants is significantly higher than that
of isolated strontium vacancies in the space-charge layer, it is their
behaviour that governs the extent of the space-charge layer and
the degree to which charged mobile defects are accumulated or
depleted. Since [Acc’] is the same for all three cases shown in
Fig. @ the electric potential profile across the boundary is the
same, too.

3 Obtaining the Grain-Boundary Diffusion Product

To investigate the diffusion of Sr tracer cations along the space-
charge layers at a grain boundary, we consider a two-dimensional
cell consisting of two SrTiO; grains, sandwiching a grain-
boundary core of finite width. Cations may diffuse into the cell
from a constant source on one side normal to the grain boundary,
as shown in Fig. [Bj(a).

The simulation is executed in three steps. First, bulk concen-
trations of defects in thermodynamic equilibrium are calculated
for given T, a0, [Acc'], AH, and AS, (Sec.[2.1). Then, the local
electrostatic potential (and local defect concentrations) are ob-
tained by solving Poisson’s equation for given Ap,’, Néb, Nglr’ and
T (Sec. . From the position-dependent concentrations of v§,
and (vgvp)™, the local Sr diffusivity Dg,(y) in the bulk regions
and in the space-charge layers of the simulation cell is calculated
from eqn (T0); the two defect diffusivities keep their bulk values,
since the space-charge layers refer to bulk lattice (with altered
defect concentrations). The cation diffusivity within the core is
set to a negligible level, DS = 1076- DY, so that all observed ef-
fects can be attributed to the space-charge zones rather than the
core. (Also, if transport in the grain-boundary core were to be
included correctly, one would need the individual activation bar-
riers for defect migration along the specific diffusion direction in
that specific grain-boundary core.) Third, the diffusion equation,

9[S1](x,)

) v (D () VIS, a7
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is solved for the strontium tracer cations for diffusion in a semi-
infinite medium with zero initial concentration from a constant
For each temperature, a diffusion time ¢ was calcu-
lated, so that a constant characteristic bulk diffusion length of
Lp=+/ Dgrt =20 nm was obtained. Steps two and three were car-
ried out by means of finite-element-method (FEM) calculations
(COMSOL®Multiphysics®, Ver. 6.1, Stockholm, Sweden). The
result of one such three-step simulation is the two-dimensional
distribution of the Sr tracer cations shown in Fig. b).

source.

10% (a)
—71700
. 1023
7
S
= 1022
V)]
= 1500
1021
0.00 0.05 0.10 0.15 o
X (um) 1300:
) (b)
R g T
’77\48 -uLIll.. % FTPR 1100
\E, _ \ BLLLY
= " .
246 ...I
= 900
44

6 8 10 12 14 16 18
nb/s

Fig. 6 Strontium tracer diffusion profiles obtained for different temper-
atures 900 < T'/K < 1700 for the bicrystal geometry; diffusion times were
chosen so that the bulk diffusion length L, was the same for all temper-
atures. (a) Strontium tracer concentration versus depth, together with
error function fits to the first (bulk) feature. (b) Concentration as a
function of n%3, with linear fit to the second feature, the grain-boundary
‘tail’.  Simulation parameters: AS, = —2 kg, [Acc/| = 8.43 x 10** m~3,
AH, = —1¢eV, A = -2 eV, N& =2.5x 107 m™3, N& = N&.107°.

The calculated two-dimensional concentration distribution was
projected onto the x axis to obtain a one-dimensional depth pro-
file of the strontium tracer concentration, similar to an experi-
mental depth profile obtained by Secondary Ion Mass Spectrom-
etry (SIMS). The simulation parameters were chosen to produce
diffusion profiles referring to Harrison B-type diffusion kinetics©®>
with two distinct features evident (see Fig. [6)), corresponding to
slow diffusion in the bulk and faster diffusion along the grain
boundary and slow bulk diffusion out of it.

For bulk diffusion, the appropriate solution to the diffusion
equation, given the chosen initial and boundary conditions, is a
complementary error function,® and unsurprisingly this mathe-
matical form describes the first feature well, as shown in Fig. [¢]
(a), yielding Dgr. Values obtained in this manner are very close
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to the Dgr values used as input [taken from Fig.|3[(a)], with devi-
ations being less than 3 %.

The second feature exhibits linear behaviour in a plot of In[Sr]
versus 1%/5 [Fig. |§| (b)1, where n =y/Lp, as expected for faster
grain-boundary diffusion.©Z68 Its analysis follows the procedure
proposed by Chung and Wuensch,®? in which the slope of the
second feature for 6 <1 < 10 is used to obtain the grain-boundary
diffusion product anggtr’ according to

B
G®DE — (DY )21 [IOA (_9111[5@) } _ 18)

3176/5

where 4% is the grain-boundary half-width. Values of A and B,
which depend on the value of the slope, were derived by Chung
and Wuensch.®? In order to obtain diffusion profiles with a suf-
ficiently pronounced grain-boundary feature, we only considered
data for which 8 > 10, where

Deb 42b
P=ov Vowr

provides a measure of the magnitude of the grain-boundary dif-
fusivity relative to that of the bulk.

In Fig. |7l we plot local cation diffusivities across the grain
boundary for three different AS, values and the corresponding
2D concentration plots that result from diffusion anneals (of dif-
fering times, to give the same Lp). One sees that the greater
the difference between Dgr a
space-charge layer, Dg‘r"‘l" [this difference increasing in the order

(19

and the maximum diffusivity in the

200

y (nm)
o

—200

200

y (nm)
o

—200

200
E
>
—-200
B = 96.07
10728 10726 1072 500
D (m?s71) x (nm)

Fig. 7 Local Sr diffusion coefficients across the grain boundary for iso-
lated vacancies Ds;;(y) and defect associates Ds;,(y) (left), and 2D con-
centration plots for different diffusion times 7 that gave constant bulk
diffusion length Lp (right). (a) ASa =0 kg, (b) AS; = -2 kg, (¢)
AS, = —4 kg. T =1200 K.
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(a), (b), (c)], the stronger the preferential penetration of the dif-
fusant is, as indicated by the higher . The degree to which vg,
are accumulated remains, however, the same; it is the bulk dif-
fusivity that changes, owing to changes in [(vgvg)*] produced
by differing AS,. Given that 8 o< 1~ !/2 [see eqn (I9)], one can
recognise that, with increasing diffusion time, preferential pen-
etration along the space-charge layers at grain boundaries will
become less evident. Thus, it is conceivable, for sufficiently long
diffusion times, that no preferential diffusion is detected because
of f < 10, even though D > DB, ,. That is, the lack of a second
feature in a diffusion profile cannot be taken as evidence of no
space-charge layers being present at grain boundaries.

4 Results and Discussion

The grain-boundary diffusion products obtained from the simu-
lations for a range of temperatures are plotted in Fig. [§] (a) for
selected values of AS,. The data all fall together on a single line;
data for lower AS, (not shown) also fall on this line. For the same
selected AS,, the bulk diffusivities of Sr are significantly differ-
ent, especially at lower temperatures [Fig.|8|(d) reproduced from
Fig. a)]. The reason for this difference is that Dgr has contribu-
tions from associated and isolated strontium vacancies, whereas
at®De® is dominated by the isolated strontium vacancies, for it is
these defects that are strongly accumulated in the space-charge
layers.

Since space-charge layers are regions of modified bulk defect
chemistry, one can understand the observed behaviour in terms
of (i) the relevant bulk defect concentrations and (ii) the degree
of their modification in the space-charge layers. Thus, we first
show in Fig. [8] (b) the contribution of the Sr diffusivity arising
solely from isolated strontium vacancies, that is D;[vg,]/[St3,], see
eqn ; and since, as noted previously, [v&,] is unaffected by the
association equilibrium, we find that Dgri is also independent of
AS,. In Fig.|8] (c) we show the space-chairge potential @y, and in
this case, as also noted previously, since the accumulation of the
acceptor-dopant cations, [Acc’|(y), governs the screening within
the space-charge layers, the space-charge potential is also inde-
pendent of AS,. In this way, we understand why all the £®Dg®
fall together and are independent of AS,. We also understand
that the important bulk defect concentration in this case is [v4],
since it is these defects whose concentration is enhanced in the
space-charge layers, giving rise to faster diffusion along the grain
boundary.

This understanding can also be placed on a quantitative level.
Parras and De Souza'l® derived an approximate expression for the
grain-boundary diffusion product (in the case of diffusion along
space-charge layers) in terms of the bulk diffusion coefficient, the
Debye length ¢ and the space-charge potential,

 frange @o(T)

a€pe®
kgT

pred,i(T) =2p(T)f 'Dgrﬁi(T) exp ( ) , (20)
with the empirical parameters f; = 0.205 and fp = 0.854. This
equation essentially expresses the fact that faster grain-boundary
diffusion along space-charge layers can be considered to be accel-
erated (i) over a distance a8, which is some fraction f; of twice
the Debye length, and (ii) by an amount given by the exponential

8| Journal Name, [year], [vol.], 1
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Fig. 8 Selected bulk and grain-boundary properties obtained from the
simulations, plotted as a function of inverse temperature. (a) Grain-
boundary diffusion product from the simulations, a2®D2, and predicted

with eqn (20), angifed_i. (b) Bulk diffusion coefficient of Sr due solely to
the diffusion of isolated strontium vacancies, Dgr_i; (c) space-charge po-
tential ®p; (d) bulk diffusion coefficient DY obtained from error-function
fit. NB: for all but (d), data for different AS, are plotted but lie on top

of each other.

term, which refers to an effective average (hence: fp) over the
entire space-charge layer. With the data in Fig. 8| (b) and (c) we
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thus calculated ang[g)Eed ;» and we compare the values in Fig. a).

We find good agreement between the values from the simulations
and the values predicted with eqn (20), the difference being less
than a factor of 3. In this way the main points from above are
confirmed quantitatively.

In principle, the Debye length, ¢p = \/gyekgT /(2¢2[Acc]?), is
expected to display a weak dependence on temperature in the
present case, not only explicitly through T but also through the
Curie-Weiss behaviour® of g of SrTiO5;. In practice, for the
temperature range 1000 < 7/K < 1800, /p is calculated to de-
crease from 5.13 nm to 5.09 nm. The grain-boundary half-width,
that is, the effective distance over which diffusion is acceler-
ated on one side of the boundary, according to eqn (20), is thus
a®® = 20pf; ~ 2.1 nm. This yields, for example at T = 1300 K
with AS, = —2 kg, an effective average of D‘%E =3.7x10"% m2s~!
(with D} = 1.6 x 10726 m?s~1).

Now we come to the main question of this study, and the possi-
bility of » > 1. In Fig.[9] (a) we plot the activation enthalpy of the
grain boundary diffusion product obtained for a rolling interval
of 40 K. AH}(T) decreases monotonically with increasing tem-
perature, and is not a function of AS,, reflecting the behaviour of
Fig. 8| (a). In contrast, AHB [Fig. [3| (b)] tends to go through a
maximum with increasing temperature and is a function of AS,.
Combining the data of Fig.[9] (a) and Fig. [3] (b) we obtain r as
a function of temperature for various values of AS, [Fig. E] (b)].
The datasets for the most negative values of AS, correspond es-
sentially to the case of isolated strontium vacancies dominating
diffusion in the bulk, and these data show r < 1. The datasets
for the higher values of AS, contain a predominant contribution
to D'§r from the (vgvp)™ associates, especially at lower temper-
atures, and it is under these conditions that we find » > 1. For
AS,/kg = —2, for instance, r values up to 1.15 are attained for
the temperature range considered. Beyond the fact that r > 1 is
possible, we emphasise the fact that r varies with temperature.

The behaviour of r in Fig.[9] (b) suggests that even higher values
of r may be attained at even lower temperatures, and thus it raises
the question of whether there is a limit to r for this model with
the defect-chemical parameters of Tables [I| and [2| For the case
of a single diffusion mechanism, r < 1 was established as the
physical limit based on the behaviour of ®y(7). In the present
case, we can extend the arguments of Parras and De Souzal® to
the more complicated model. The first part is that the highest
possible value of AH%b is AHBi ~ 6.5 eV (i.e. that of the isolated
strontium vacancies), and it cbrresponds to r = 1 for the isolated
vacancies. The second part is that r > | is generated by AH}
being lower than AHBi through a dominant contribution from
the (vgvp) ™ associates. And the lowest value for AHB is 4.9 eV.
Thus, putting the two parts together we obtain — for this system
with these parameters — an upper limit of r < 1.3.

To test this model, experimental studies are necessary for com-
parison. And in performing such studies, the range of tempera-
tures considered is extremely important: as we have found, r is a
function of temperature and tends to exceed unity at lower rather
than higher temperatures. Common temperature ranges for ex-
perimental cation diffusion studies in titanate perovskites are in
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Fig. 9 (a) Activation enthalpy of strontium grain-boundary diffusion,
AH‘EE, determined as a function of temperature over a rolling interval of
40 K for different entropies of associate formation. (b) Ratio r of the
activation enthalpies of diffusion in the grain boundary and in the bulk as
a function of temperature for different entropies of associate formation.
r=1is indicated by a dashed grey line.

the range 1200 < T/K < 1500.874205007071 1y this temperature
range, our simulation for AS, /kg = —2 predicts r > 1. But in our
simulations we have a high density of data points, and this will
generally not be the case in experiment. Indeed, if one only con-
siders five data points, 7 /K = {1200,1250,1300, 1350, 1400}, one
would obtain AHE® = (5.2240.04) eV and AH, = (5.310.05) eV,
hence a ratio of r =0.98 £0.01 (for AS,/kg = —2). Thus, an even
lower temperature range is necessary for an experimental study
to be able to demonstrate r > 1. For five temperatures in the
range 1100 < 7'/K < 1300, we predict Ang)b = (5.424+0.03) eV and
AHY = (5.08+0.03) eV, and hence r = 1.07+£0.01.

5 Concluding Remarks

Using an established set of defect chemical parameters for the
bulk of acceptor-doped SrTiO5; using physically reasonable val-
ues of AS, and AH, for the formation of (vgvg)™ associates; us-
ing defect diffusivities that show higher values for the associate
than for the isolated vacancy; using a standard thermodynamic
model of space-charge formation; and taking a reasonable value
for the thermodynamic driving energy of space-charge formation
Auy; we find for the faster diffusion of cations along the space-

Journal Name, [year], [vol.], |9


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00384b

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:06:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Physical Chemistry Chemical Physics

charge layers at a grain boundary than in the bulk (D° > DP) that
AHl%b > AHB(=r > 1) is indeed possible under certain conditions.

With respect to the previous study of Parras and De Souza,12
in which only isolated cation vacancies were considered, and in
which r < 1 was found to be the physical limit, the main extension
in this study is the consideration of two types of cation vacancies,
isolated and associated, with different defect diffusivities. And as
we demonstrated, it is this extension that gives rise to the possi-
bility of r > 1. Our treatment employed on purpose a relatively
simple defect chemical model, ignoring, for example, defect ion-
isation equilibria, and a relatively simple model of the interface,
ignoring, for example, local strain fields, as this allowed us to
show clearly why r > 1 arises.

Finally, we comment on the applicability of this model to other
systems. We presume that the general behaviour is applicable to
the diffusion of A cations in all ABO3 perovskites, first because the
formation of (v4vp) associates is highly likely given the opposite
relative charges of the two constituent defects, and second, be-
cause the higher diffusivity of the associate is expected as a char-
acteristic of the ABO5; perovskite structure. Indeed, for BaTiOs,
(VpaVo) associates are predicted to be bound,”? and they have re-
cently been predicted”3 to have higher diffusivities than isolated
Vha. That said, (v4vo) associates are not the only associates con-
taining cation vacancies that may form in a perovskite, and the
presence of significant concentrations of (v4vg) associatesZ3'74 or
(vavgvo) clustersZ>78 may give rise to even richer cation diffu-
sion behaviour.
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