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Oxygen transport at a ferroelastic domain wall in CaTiO3
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The formation and migration of charged oxygen vacancies at a 90°(100)[001] domain wall in orthorhombic
CaTiO; were studied by means of atomistic simulation techniques. The segregation-energy profiles of an
oxygen vacancy across the wall were revealed through careful discrimination to display hyperbolic secant forms,
with a domain-wall width consistent with that obtained from a tilt-angle analysis. Equilibrium distributions of
oxygen vacancies across the ferroelastic domain wall in a nominally undoped (weakly acceptor-doped) sample
were calculated self-consistently (assuming a sech segregation-energy profile) for various temperatures. The
calculations indicate a positively charged domain wall, arising from high vacancy concentrations, compensated
by negative space-charge layers, in which vacancies are depleted. The activation barriers for oxygen-vacancy
migration along the domain wall, determined from nudged-elastic-band calculations, revealed that the long-range
diffusion of oxygen vacancies along the wall is neither strongly enhanced nor strongly hindered.
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The mineral perovskite (CaTiO3) adopts an orthorhombic
ground-state structure, in which corner-sharing TiOg octahe-
dra are tilted around all three pseudocubic axes [1,2]. The
pattern of tilted octahedra is not uniform over an entire spec-
imen of orthorhombic CaTiOs3, but only within small regions,
or domains. Between two domains, that is, at a domain wall,
the three octahedral tilt angles change continuously from
one orientation to the other over a nonzero length [3]. Do-
main walls in CaTiOj thus constitute regions of perturbed
orthorhombic structure, and consequently, they are expected
to display properties different from those of the parent lattice
[4-6].

One such property is ion transport, which is believed to
be faster along domain walls than in the parent perovskite
lattice [3,7-10]. Faster oxygen diffusion along domain walls
in CaTiO3 was reported in an experimental study, with oxy-
gen tracer diffusion coefficients D *" /D™ ~ 107 [7]. Upon
close examination, however, this result appears questionable.
Since Dy is proportional to both the concentration of point de-
fects responsible for transport (in this case, oxygen vacancies)
and their diffusivity (Df, o ¢,Dy), the higher values of D"
have to be due to higher ¢y, higher D,, or some combination
thereof. An increase in D, by orders of magnitude would pre-
sumably require a substantial decrease in the exponential term
inD, = Dg exp(—AHnig v/ksT), rather than an unreasonably
large increase in the preexponential term. The experimental
result [7], however, is that the activation enthalpies are equal
within experimental error, AH:" ~ AHSY(~4 eV). Conse-
quently, the higher D*O’dW would appear to arise from an
increase in ¢d%. On the one hand, cd > ! is expected—
preferential formation of oxygen vacancies at domain walls in
CaTiOj3 has been predicted [3,11]—but values of c‘vjw have not
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yet been calculated, and so it is unclear whether the lowered
vacancy formation energy is quantitatively consistent with the
measured increase. On the other hand, in order for CSW to
have differed from ¢ by 107, ¢! would have to have been
extraordinarily low, so that c‘V’W did not exceed the density of
available oxide-ion sites. A low c{f‘“, in turn, would have re-
quired samples of exceptionally high purity. Undoped CaTiO3
routinely contains several hundred ppm of oxygen vacancies
that form to compensate acceptor-type defects [12—14]. Thus,
the origin of the faster diffusion is unclear.

A further questionable issue is that the reported AH[M =
4 eV [7] is incredibly high, compared not only with values
predicted from atomistic simulations for CaTiO3 [15-17], but
also with values measured for other titanate perovskites [18]
(all <1 eV). In fact, it was suggested [17] that the mea-
sured diffusion profiles were misinterpreted. Given the doubts
concerning the experimental study [7], the open question is,
to what degree is oxygen diffusion along a domain wall in
CaTiOs faster than in the regular lattice?

In this Letter, we used atomistic simulation techniques
to answer this question, examining specifically the forma-
tion and migration of oxygen vacancies at the 90°(100)[001]
domain wall in orthorhombic CaTiO; (space group Pbnm).
Molecular static (MS) simulations were performed with the
GULP code [19] and molecular dynamics (MD) simulations,
with the LAMMPS code [20]. The empirical pair potentials
(EPPs) derived by Pedone et al. [21] were used, because
they have been shown in MD simulations to reproduce
oxygen-vacancy transport kinetics in CaTiO3; [17] extraordi-
narily well. Furthermore, they also correctly reproduce [17]
CaTiOs’s phase transitions, Pbnm — Cmcm — I4/mcm —
Pm3m, albeit with overestimated transition temperatures
[1,2]. A simulation cell with two 90°(100)[001] domain walls
was generated, in order to satisfy the requirements of periodic
boundary conditions. The supercell contained 40x4 x4 for-
mula units of CaTiO3 and had one domain wall at its center
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FIG. 1. Octahedral tilt angles around the three pseudocubic axes
for a 90°(100)[001] domain wall in CaTiO;. Symbols refer to data
extracted from a relaxed supercell, with one wall at the center and one
at the edge. Absolute values of the angles are shown for simplicity.
Lines are the fits to Egs. (1) and (2).

and one at its edge, the two separated by ca. 70 A, so that
the interaction between the domain walls was negligible. The
size and shape of the cell and the ion positions were then
allowed to relax to a minimum-energy configuration in an MS
simulation. We chose this domain wall, since it has already
been examined computationally [3,11,22], and hence there are
certain structural data with which we can compare our results.
The first comparison concerns the behavior of the tilt
angles («, B, y) of the TiOg octahedra around the three pseu-
docubic tilt axes. From the energy-minimized simulation cell,
we extracted the tilt angles (with in-house software [23]).
As seen in Fig. 1, the tilt angle around the [001] axis, y, is
diminished at the domain wall, following the form

ez%mm(x_“); (1)
w

it can thus be considered as a primary order parameter within
Landau theory [3,11]. The tilt angles o and § are enhanced at
the wall, following

6 = O,y sech (x - x") + 6o, )
w

and can thus be considered as secondary order parameters.
Fitting Egs. (1) and (2) to the data of Fig. 1, we obtain a mean
wall width of 2w = (10.6 £0.4) A. This value is consistent
with literature data for this wall, also obtained computation-
ally, of 10.9 A [22], 11.364 A [3], and 10.0 A [24].

The second comparison concerns the excess energy of the
domain wall. This quantity is obtained from the MS simula-
tions as the difference in energies of cells with two walls and
with zero walls, normalized to the cross-sectional area of the
cell: AtEqy = (E23Y — E%%)/(2Acen). The value obtained, of
A¢Egy = 135 mJ m~2, agrees well with the literature data of
(160 £ 10) mJ m~2 [3] and 116 mJ m~2 [24]. In an analo-
gous manner, the simulations yield the excess volume of the
wall, AfVyy = 0.0417 A3 A2, Both A¢Egy and A¢Vyy, dis-
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FIG. 2. Top: Structure of a 90°(100)[001] domain wall in or-
thorhombic CaTiOs, as viewed along the z axis. The Ca ions are
shown as isolated spheres, the Ti ions as spheres within the octa-
hedra, and the O ions are color coded according to the direction
in which they connect the TiOg octahedra. Bottom: The segregation
energy of an oxygen vacancy, AggE,, across the 90°(100)[001] wall.
The color coding is the same as in the top part of the figure. The lines
are fits to the appropriate versions of Eq. (2).

play rather low values compared with the equivalent data for
low-angle grain boundaries in cubic SrTiO3 [25], indicating
that the domain wall constitutes a relatively weak perturbation
of the lattice.

Having established that these EPPs yield physically rea-
sonable results for the wall’s atomistic structure and formation
energy, we now turn to the formation and migration of oxygen
vacancies.

The oxygen-vacancy segregation energy AggEy is defined
as the formation energy of an oxygen vacancy in the domain-
wall cell relative to the value in the regular lattice: AgeoFy =
A+Ey — A¢ER, Tt is necessary, therefore, to differentiate be-
tween O1 and O2 positions in the CaTiOj3 structure because
the vacancy formation energy in the regular (Pbnm) lattice
differs slightly. The variation in AggEy across the cell was ob-
tained through a series of Mott-Littleton calculations [19,26],
in which an oxygen ion was removed from each site within
the simulation cell (480 in total), and the system’s energy
was minimized. Although Mott-Littleton calculations are not
strictly applicable to such cells, they have been applied suc-
cessfully to examine oxygen-vacancy formation at low-angle
tilt grain boundaries in SrTiOs [25].

The results are shown in Fig. 2. With A .E, < 0, they
indicate that most of the oxide-ion sites at the domain wall
have a lower formation energy than in the bulk, confirming
the results of earlier studies [3,11]. Our lowest value, of
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AgeoEy = —0.7 eV, is comparable with literature data reported
for this wall with other sets of pair potentials (—1.25 eV
[3]; —0.58 and —0.80 eV [11]). Since AygEy < 0 is also
found for grain boundaries [27-31], surfaces [32-35], and
dislocations [25,36-39] in titanate perovskites, we attribute
AgegEy < 0 at the domain wall quite generally to the pertur-
bation of the regular lattice structure at the extended defect.
In Fig. 2, in addition to differentiating between O1 and O2
sites, we found that it was necessary to differentiate, within
the domain wall, between three different types of O2 sites.
(In this representation, it is helpful to consider that Ol ions
connect TiOg octahedra in the z direction, whereas the O2
ions connect the octahedra in x and y directions.) The lower
symmetry induced by the domain wall splits the O2 ions into
those that connect octahedra in the x direction (blue spheres
in Fig. 1); those that connect octahedra in the y direction
and are tilted towards the wall (black spheres); and those
that connect octahedra in the y direction and are tilted away
from the wall (green spheres). Only the last type is disfavored
for vacancy formation. This detailed discrimination between
oxygen sites revealed a new result: that the form of AgegEy(x)
across the wall adopts a hyperbolic secant form for all four
domain-wall oxygen sites. Indeed, fitting Eq. (2) to the data
yields 2w = (10.44 & 0.14) A, in good agreement with 2w =
(10,6 £0.4) A obtained above from the analysis of the tilt an-
gles. Thus, not only crystal-structure parameters (tilt angles o
and B) but also defect-structure parameters (defect formation
energies) can be interpreted as secondary order parameters.

In order to obtain cSW from AgEy < 0, we have to first
specify !, since equilibrium concentrations in the wall are
relative to those in the regular lattice. Experimental studies of
nominally undoped CaTiO; [12—14] indicate that such sam-
ples are effectively acceptor doped, in line with studies of
nominally undoped SrTiO; [33,40-42] and BaTiO; [43-45].
As long as the sample is not strongly reduced, the effective
concentration of these acceptor species fixes the concentration
of oxygen vacancies in the regular lattice, ¢ = 2¢4t, We
took ¢ =2x10'"® cm™3 on the basis that ¢ should be
neither too high (at the level of purposely added dopants)
nor too low (at the level of exceptionally pure samples with
exceptionally low intrinsic defect concentrations [46]). (In-
cidentally, there are three possible sources of acceptor-type
cation species: lower-valent impurities, cation vacancies, and
Ca antisites.)

Equilibrium values of ¢4 were found by minimizing the
Gibbs energy of a system containing a domain wall and mo-
bile oxygen vacancies. Such an analytical treatment yields
(28]

w chlvatt exp [_ Aseg Gy 5{););2e¢(X)] .
cy(x) = s
N, — C'Va“ . c'va“ exp [_ AsegGij;);‘28¢<X)]

where A, G, (x) is the Gibbs segregation energy of an oxy-
gen vacancy, N, the volumetric density of oxide-ion lattice
sites, e the elementary charge, and ¢(x) the electric poten-
tial, which was set arbitrarily to zero in the lattice. Note:
A calculation based on a simple exponential term, ¢®% o
exp (—A¢E, /kgT), cannot be applied here because it fails to
include electrochemical equilibrium between oxygen vacan-
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FIG. 3. Equilibrium oxygen-vacancy concentrations at and
around a domain wall in weakly acceptor-doped CaTiO; (/2 =
it =108 ¢cm=3) at four different temperatures. Profiles calcu-
lated self-consistently from the segregation-energy profiles shown in

Fig. 2.

cies in the domain wall and those in the regular lattice, and
because it ignores that oxygen vacancies are charged.

The standard approach in the literature is to approximate
AgegGy(x) with a rectangular function at the interface, the
so-called abrupt core|space-charge model [47]. In view of
the results of Fig. 2, a superior (and more natural) approach
is to use a continuous sech form for Ag,Gy(x). Assuming
the segregation entropy and the pressure-volume term to be
negligible, we set Ageq Gy (x) A Ageo Ey (X).

In order to obtain self-consistent values for ¢, (x) and ¢ (x),
the Poisson equation {with €y¢; as the dielectric permittivity,
and €,(T) taken from the literature [48,49]},

2

EOGer_q; = echt —
has to be solved for the entire domain, with ¢,(x) given by
Eq. (3). As boundary conditions, the electric potential and
field are taken to be zero in the lattice, far away from the
domain wall. By writing Eq. (4) in this form, we have as-
sumed (i) that the acceptor cation species are immobile, and
hence, their concentration is constant (this is true for cations
in perovskites at all but the highest temperatures [50]); and
(ii) that the concentrations of electronic species are negligible
compared with ¢!, which is true for all but highly reduc-
ing conditions [13,14]. Numerical solutions were obtained by
finite-element-method calculations, and the results are shown
in Fig. 3 for four selected temperatures.

The domain wall is indeed predicted quantitatively to have
a higher equilibrium oxygen-vacancy concentration than the
regular lattice. At T = 300 K, ¢¥(x) peaks at over 250 times
it (=10"® cm~3), but the more relevant quantity for trans-
port, (ci%), the average value over the width of the wall, is
only a factor of 67 higher. At the two highest temperatures
considered in Fig. 3, the degree of enhancement decreases to
(cd) /clatt & 10. The positive charge of the segregated oxygen
vacancies is compensated by two negatively charged, diffuse
space-charge zones in which oxygen vacancies are depleted.

2ecy(x), “4)
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These zones extend up to hundreds of angstroms on each side
of the wall (not shown); with increasing temperature, the de-
gree of vacancy redistribution to the wall is less pronounced,
and the extension is much smaller as well.

Three points are worth emphasizing. First, ¢, is modified
at and in the vicinity of the domain wall, not because of
any intrinsic wall charge (as in head-to-head and tail-to-tail
ferroelectric domain walls [51,52]) or because of the effects
of surfaces [53], but because of a thermodynamic driving
energy, AggoEy < 0. Second, the positive charge of the wall
means that electrons, as mobile negatively charged defects,
will be accumulated within the space-charge zones and within
the domain wall, generating enhanced electron conduction,
certainly within the space-charge zones, and possibly within
the wall (as long as the electron mobility along the wall is
not diminished substantially). Third, other ferroelastic domain
walls in CaTiOj3 are unlikely to have considerably more neg-
ative AgegFEy, given that the structural perturbation at domain
walls is rather weak in nature, i.e., there are only gentle mod-
ifications of the octahedral tilt angles. Substantially stronger
effects for other ferroelastic domains walls in CaTiO3 are
consequently not to be expected.

The results of Fig. 3—oxygen-vacancy enrichment in the
wall—do not translate automatically into enhanced oxygen
transport rates because D‘V’W needs, at the very worst, to be
unaffected. With the aim of obtaining this quantity, we per-
formed MD simulations of oxygen-deficient CaTiO3 (oxygen
vacancies present at a site fraction of 0.8%, and charge com-
pensation achieved by a slight reduction in the charge of all Ti
ions). The supercell contained two antiparallel domain walls
and had dimensions of 40x 14 x 14 unit cells. Unfortunately,
these simulations yielded no reliable results because, at the
high temperatures necessary for oxygen vacancies to execute
long-range diffusion, the (antiparallel) domain walls migrated
through the cell, annihilating when they met each other. (In
some simulations, the unseeded creation of two antiparallel
walls was also observed.) Consequently, it was not possible
to isolate the effects of the domain walls on the migration of
oxygen vacancies from the trapping effect of the domain walls
(see Fig. 2). We were forced, therefore, to perform MS cal-
culations. Specifically, we determined the individual barriers
for oxygen-vacancy migration in and around the domain wall
through nudged-elastic-band (NEB) calculations. In Fig. 4 we
compare the results obtained for the regular lattice with those
obtained for the domain wall.

The orthorhombic (Pbnm) lattice of CaTiO3; is charac-
terized, essentially, by five different activation barriers for
oxygen-vacancy migration, four of which lie between 0.54
and 0.63 eV, with the fifth at 0.73 eV. Since the O1 and
02 sites differ slightly in energy, there is a small difference
in activation barriers for forward and backward jumps, but
because the difference is only 0.01 eV, this asymmetry is ig-
nored for the regular lattice. The effective activation enthalpy
of (long-range) oxygen-vacancy diffusion, obtained from MD
simulations [17] with these potentials, is AmigHST = (0.58 &
0.02) eV, a result consistent with the four low-energy barri-
ers providing continuous diffusion paths through the lattice
[Fig. 4(a)]. In the domain wall, the symmetry lowering multi-
plies the number of different barriers. In addition, the strong
variation in site energy (see Fig. 2) amplifies the asymmetry
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FIG. 4. Activation barriers of oxygen-vacancy migration in or-
thorhombic CaTiO; obtained by NEB calculations: (a) regular lattice,
with O (red), Ca (gray), Ti (blue) ions; (b) in the vicinity of the
domain wall, shown as a thin plane (ions removed for clarity). Two-
color paths in (b) reflect the large difference between forward and
backward jumps.

between forward and backward jumps. Individual barriers
now range from 0.1 to 1.1 eV, with most between 0.5 and
0.7 eV [Fig. 4(b)]. Importantly, the lowest as well as the high-
est barriers are isolated, so that the long-range diffusion paths
will be characterized by barriers between 0.5 and 0.7 eV. Such
values are not considerably lower than those in the regular
lattice, and hence D3¥/D" will not deviate from unity by
orders of magnitude, i.e., there is neither strong enhancement
nor strong hindrance of oxygen-vacancy diffusion along this
domain wall. This is a surprising result from two opposite
points of view. The strained nature of the interface is thought
[9,10] to lead to accelerated diffusion. On the other hand, the
symmetry lowering within the domain wall may be expected
to be detrimental, as lower symmetry in the regular lattice of
CaTiOs3 decreases the rate of oxygen-vacancy diffusion [17].
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Taking (c3%) and D3 together, we conclude that at the typ-
ical temperatures of diffusion experiments (e.g., T = 1000 K)
the increase in D3¥[oc (¢d¥)DI¥] relative to DE" will be
roughly one order of magnitude and arise predominantly from
the increase in (c3¥). The increase of 107 reported previously
[7] seems highly unlikely to correspond to domain-wall diffu-
sion of oxygen, especially in view of AH}X ~ AHY (4 eV)
[7], and in view of doubts [17] regarding the interpretation of
the measured diffusion profiles. Experimental reexamination
of the issue is therefore warranted. Obtaining reliable data
for D& may prove challenging, however, since the depletion
space-charge zones will prevent oxygen from leaking away
from the domain wall, and thus the (small) amount of tracer
within the wall may be beyond experimental detection limits
[36]. Local conductivity measurements may be more suitable,
but the possibility of electronic conduction needs to be ruled
out unambiguously, and in this respect obtaining an activation
enthalpy of 0.4—1 eV is insufficient.

Our prediction regarding DdoW relies strongly on the twin
assumptions of oxygen vacancies always being mobile and
cation defects being completely immobile. The first assump-
tion is reasonable because oxygen vacancies are mobile in
perovskites even at room temperature [18], and the second is
reasonable because cation vacancies are only mobile at very
high temperatures [50]. For the standard case of a CaTiO;3
specimen cooled continually and not too slowly from the
cubic to the orthorhombic phase, both assumptions will there-
fore be valid. If, however, the specimen is annealed for a
sufficiently long time at a temperature high enough for cations

to move but low enough for the domains to form, acceptor-
type cation defects will accumulate in the space-charge zones
(and may, in addition, segregate to the domain wall itself),
leading ultimately to a change in (c!%). Owing to the in-
creased concentrations of cation defects, the energy landscape
for oxygen-vacancy migration will be modified substantially,
with an expected trend towards higher migration barriers and
thus lower D, [17,54,55]. Acceptor-type cation defects are
thus unlikely to modify our conclusion drastically.

Summing up, we found that the oxygen-vacancy segre-
gation energy at a ferroelastic domain wall behaves as a
secondary order parameter in terms of Landau theory, and we
used this finding, in a natural and self-consistent approach,
to calculate equilibrium concentrations of oxygen vacancies
within, and in the vicinity of, the wall at different tempera-
tures. In addition, we found no large changes in DY relative
to D' We contend that these results will apply to other
ferroelastic domain walls in CaTiO3 because the degree of
structural perturbation will remain relatively weak. Whether
the results also apply to charged domain walls in ferroelectric
BaTiO3; or multiferroic BiFeO3 remains to be seen.
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