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Abstract

Atomistic simulation methods have been used to study the defect chemistry of the complex perovskite oxide Ba3CaNb2O9.

Calculations were carried out for the hexagonal (P-3m1) phase and the cubic (Fm-3m) phase. The hexagonal structure is predicted to

be energetically more stable at room temperature. In both structures the most favourable dopant for Nb5+ is found to be Ca2+

rather than Mg2+, in contrast to the generally accepted rule that size similarities govern such processes. The diffusion of oxygen

vacancies in the hexagonal and cubic phases occurs within different networks of corner-sharing NbO6 and CaO6 octahedra.

Irrespective of the arrangement of octahedra, however, migration of oxygen vacancies around NbO6 octahedra takes place with

lower activation energies than around the CaO6 octahedra.

r 2005 Elsevier Inc. All rights reserved.

Keywords: Oxygen migration; Complex perovskite; Proton conduction; Activation energy; Ba3CaNb2O9; Atomistic simulation; NbO6 octahedra;

CaO6 octahedra; Dopant substitution
1. Introduction

A number of compounds based on complex perovs-
kites with the general formula A3(B

0B00
2)O9 (A cations

have a charge of 2+; B0 ions, 2+; and B00, 5+) have
recently attracted interest as high-temperature proton
conductors [1] and as dielectric resonators [2]. The series
Ba3Ca1+xNb2�xO9�3x/2 in particular has been the
subject of several studies on account of its high proton
conductivity and chemical stability. Increasing the B0/B00

ratio in such oxides results in the formation of oxygen
vacancies, which can be filled with OH� species upon
annealing samples in water vapour at high temperatures.
e front matter r 2005 Elsevier Inc. All rights reserved.
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Even though the OH� concentration may be small, the
ionic conductivity can be dominated by proton trans-
port [3]. Oxygen vacancies in simple ABO3 perovskites
are known to be highly mobile, but in complex
perovskites, such as Ba3Ca1+xNb2�xO9�3x/2, this trans-
port process has received scant attention. In this study
we used atomistic simulation methods to examine the
energetics of oxygen migration and the energetics of the
related issues of oxide formation and dopant substitu-
tion in this complex perovskite, in order to aid the
interpretation of, and give direction to, experimental
research.
The simulation methods we used have been applied

successfully to the study of the crystallographic struc-
tures and the mechanisms of defect generation and
migration in various ionic solids, such as LaYO3 [4],
LaInO3 [5], LaGaO3 [6,7], LaMnO3 [8,9], LnAlO3 [10]
and LiNbO3 [11]. We note that defect processes
involving protons are more suited to investigation with
quantum mechanical methods [12,13].

www.elsevier.com/locate/jssc
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Table 1

Interaction A (eV) r (Å) C (eVÅ6) Ref.

(a) Short-range interatomic potentials

Ba2+–O2� 931.7 0.3949 0 [15]

Ca2+–O2� 1228.9 0.3372 0 [15]

Nb5+–O2� 1796.3 0.34598 0 [11]

O2�–O2� 22764.3 0.149 27.879 [11,15]

Ion Y (e) K (eVÅ�2)

(b) Shell model parameters

Ba2+ 1.46 14.78

Ca2+ 1.26 34

Nb5+ �4.496 1358.58

O2�
�2.811 103.07
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2. Methods

The details of the methodology of the atomistic
simulation techniques are described extensively else-
where [14] and here we will only present a short
summary. The basis of the computer simulation
technique is the specification of a potential model, i.e.,
the description in mathematical terms of the system
energy as a function of particle co-ordinates. The Born
model representation is commonly used for these oxides,
for which the energy is partitioned into long-range
Coulombic interactions and short-range pair potentials:

V ijðrÞ ¼ k
qiqj

rij

þ Aij exp
�rij

rij

" #
�

Cij

r6ij
, (1)

where k is a constant in suitable units, qi and qj are the
integral charge of ions i and j, respectively, and rij is the
inter-ionic distance; Aij, rij and Cij are empirical
parameters assigned to each ion–ion interaction, with
the exception of cation–cation interactions, which were
treated as purely Coulombic. The model we used was
essentially ionic; no covalent term was explicitly
included in our calculation. The interatomic potentials
used in these systems are indicated in Table 1 and were
originally derived for studies of alkaline earth oxides [15]
and of LiNbO3 [11]. No further refinement was carried
out.
In some cases fractional occupancies were required

for certain crystallographic sites. This was implemented
through a mean-field approach, that is, the site is
assumed to contain a hybrid ion, e.g., CazNb1�z, for
which the potential energy Vij is proportional to the site
fraction occupancy:

V ðCazNb1�zÞ�O ¼ zVCa�O þ ð1� zÞVNb�O. (2)

As charged defects will polarise other ions in the
lattice, it is necessary to incorporate ionic polarisability
into the model. Polarisation is treated by means of the
shell model [16] which regards each ion in terms of a
core connected via a harmonic spring to a mass-less
shell. Displacement of the shell relative to the core gives
a good description of electronic polarisation of ions.
The calculations in perfect and defective lattices are

based on well-established energy minimisation proce-
dures. In these, all ions are relaxed to a minimum energy
configuration using a Newton–Raphson procedure for
which both the first and second derivatives of the energy
with respect to strain must be calculated. A key feature
of these calculations is the treatment of lattice relaxa-
tions around a point defect or migrating ion using the
Mott–Littleton methodology. This approach involves
the partition of the crystal lattice around a point defect
in a spherical inner region where ions are relaxed
explicitly. In contrast, the remainder of the crystal is
treated by more approximate quasi-continuum methods
[11,15].
3. Results

3.1. Perfect lattice simulation

3.1.1. Cubic structure

The cubic phase proposed for Ba3CaNb2O9 is based
on the Fm-3m space group [17]. It is depicted in Fig. 1 as
a network of two different types of corner-sharing
octahedra: those containing only Nb and those contain-
ing on average Ca2/3Nb1/3. Each Ca2/3Nb1/3O6 octahe-
dron shares corners with six NbO6 octahedra and vice
versa. In order to model the perfect lattice we used a
mean-field approach for (4b) Ca2/3Nb1/3 positions.
The calculated properties are listed in Table 2.
Without adjustment of the empirical parameters, the
lattice constant is reproduced to within 2%, and the
static dielectric permittivity is close to the experimental
value. We emphasise that, even though the cell para-
meters are not exactly reproduced, we do have the
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Ca/Nb[1]
Ca/Nb[1]
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Nb[2]

Nb[2]

Fig. 1. The cubic perovskite Ba3CaNb0.5Nb1.5O9 can be depicted as a

network of interconnected large and small octahedra. The small

octahedra contain Nb(2) in the center and oxygen in the corners while

the large octahedra contain an averaged Ca0.67Nb(1)0.33 in the center

and O in the corners. Oxygen ions are depicted at the corners of the

octahedra while the other spheres represent barium ions. The arrows

indicate the 1:1 order. Space group Fm-3m. Atomic positions: (8c) Ba
1
4
; 1
4
; 1
4
; (4b) Ca/Nb(1) 0 0 1

2
, (4a) Nb(2) 0 0 0, (24e) O 0.2359, 0, 0.

Table 2

Properties of cubic Ba3CaNb2O9

Property Calculated Experimental

Cohesive energy per unit formula (eV) �145.59 —

Cell parameter (Å) 8.5193 8.3630 [18]

O atomic position 0.2359 0.26139(11) [19]a

Bulk modulus (GPa) 157 10078 [20]

Static dielectric permittivity 24 20 [21]

High-frequency dielectric permittivity 1.9 —

aFor Ba3Ca1.10Nb1.90O9�d.

Nb

Nb

Nb

Nb

Ca

Ca

Fig. 2. The hexagonal perovskite Ba3CaNb0.5Nb1.5O9 depicted as a

network of octahedra. The large octahedra are CaO6 and the small

octahedra are NbO(1)3O(2)3. A long-range order oxygen migration

necessarily involves the CaO6 octahedra. No Ba atoms are shown. The

arrows indicate the 2:1 order. Space group P-3m1, Atomic positions

Ba(1) (1a) 0 0 0; Ba(2) (2d) 1
3
, 2
3
, 0.6487; Ca (1b) 0, 0, 1

2
; Nb (2d)

1
3
, 1
3
, 0.1634; O(1) (3e) 1

2
, 0, 0; O(2) (6i) 0.1855, 0.8145, 0.3086.

Table 3

Properties of hexagonal Ba3CaNb2O9

Property Calculated Experimental

Cohesive energy per unit formula (eV) �152.28 —

Cell parameters a (Å) 6.0722 5.92 [17]

c (Å) 7.4925 7.25 [17]

Bulk modulus (GPa) 132 —

Static dielectric constant 12 —

High-frequency dielectric constant 1.9 —
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benefit that the potentials used are valid at a variety of
separations.
3.1.2. Hexagonal structure

The hexagonal structure proposed for Ba3CaNb2O9 is
based on the P-3m1 space group [22]. In contrast to the
cubic phase, this structure has unique crystallographic
sites for the Ca and Nb ions (in addition to two
crystallographic positions for the Ba ions and two for
the O ions), as indicated in Fig. 2. The arrangement of
the (corner-sharing) CaO6 and NbO6 octahedra is such
that there is a NbO6–NbO6–CaO6 stacking sequence
along [100] (which corresponds to [111] in the cubic cell).
On account of this stacking, the hexagonal structure is
commonly referred to as having a 2:1 order.
Since there are no crystallographic sites that are

occupied by more than one type of ion, we do not need
to use a mean-field approach in order to model the
perfect structure. A comparison of some calculated
physical properties and the available experimental data
is given in Table 3. It is noted that, even though
hexagonal cell parameters are just under 3% greater
than the experimental values, the calculated c=a ratio of
1.234 is nevertheless in close agreement with the
experimental value of 1.225.
3.2. Cation substitution

Ba3CaNb2O9 and similar compounds are often doped
with alkaline earth oxides, in some cases, in order to
achieve high proton conductivity, and in others, to tune
the dielectric properties. For this reason we examined,
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for both structures, the substitution of alkaline earths
for the constituent cations.
Regardless of the cation site, there are principally two

types of substitution reaction: substitution for Nb, with
the formation of oxygen vacancies,

3Ox
O þ 2CaOþ 2Nbx

Nb ! 2Ca000Nb þ 3V��
O þNb2O5 (3)

and alkaline earth oxide substitution, e.g.,

SrOþ Bax
Ba ! Srx

Ba þ BaO: (4)

3.2.1. Cubic structure

The mean-field approach used to model the perfect
lattice of the cubic structure is not appropriate for
examining substitution reactions, because the substitu-
tion of a hybrid cation is physically unrealistic. In other
words, with regard to the 4b Ca2/3Nb1/3 site, one has to
consider the substitution of an alkaline earth, either for
a Nb5+ ion sitting on this site or for a Ca2+ ion sitting
on this site. Consequently, we generated a supercell,
comprising 3	 1	 1 cubic unit cells, and randomly
distributed 8 Ca ions and 4 Nb(1) ions over the twelve
4b sites. The energy of a cation substituting for each of
these atomic sites was computed. We then averaged the
energy of the various cation substitutions, and by
combination of the appropriate energetic terms, we
obtained an estimation of the energy of cation substitu-
tion.
The energies obtained for the substitution reactions

are plotted in Fig. 3 as a function of the dopant cation
radius in that particular coordination. Two important
points emerge, regarding the differing behaviour of
the two Nb sites. First, we see that the energies for
alkaline earth substitution for Nb(2) are large in
comparison with those for Nb(1). In the case of
Ba3Ca1+xNb2�xO9�3x/2, for example, the calculations
clearly show that the excess Ca is accommodated on the
12

0.75 1.00 1.25 1.50 1.75

10

8

6

4

2

0

E
ne

rg
y 

pe
r 

M
O

/e
v

Ionic radius/A

Mg

Mg

Mg

Ca

Ca

Ca Ca

Sr

Sr

Sr Sr

Ba

Ba

Ba
Ba

Substitution for

Nb2  (4a site)
Nb1  (4b site)
Ca  (4b site)
Ba  (8c site)

Fig. 3. Substitution energies of alkaline earth oxides into cubic

Ba3CaNb2O9. Ionic radii from Shannon [33].
Nb(1) site: E
Nb½1�
sub ¼ 4:0 eV per mole of CaO, E

Nb½2�
sub ¼

9:3 eV per mole of CaO. Furthermore, we find that the
most favourable dopant for Nb(2) is Mg, as expected
from their similar radii (rðNb5þÞ ¼ 0:64 (A, rðMg2þÞ ¼
0:72 (A), whereas in the case of Nb(1) more favourable
reaction energies are found for Ca2+ (r ¼ 1:00 (A) or
even Sr2+ (r ¼ 1:18 (A).
We emphasise that Eqs. (3) and (4) describe substitu-

tion reactions and not doping reactions. The former
corresponds to the addition of a dopant oxide causing
the displacement of an oxide component; the latter
require the simultaneous addition of dopant and the
removal of that oxide component. This point is
emphasised for the reason that the reaction energies
for Ca displacing Ba are lower than for Ca displacing
Nb; this does not mean that the calculations predict Ca
doping to be energetically unfeasible.

3.2.2. Hexagonal structure

Fig. 4 displays the energy of the solution of alkaline
earth oxides into the different cationic sites. As in the
case of the cubic phase, the substitution energy of Ca2+

for Nb5+ is more favourable than that of Mg2+, even
though in terms of size matching Mg2+ would be
considered to be a better substitute for Nb5+. It can also
be seen in Fig. 4 that the solution energies of CaO and
SrO in the Ca (1b) sites are very similar and that the
latter is even slightly more favourable. Note that
according to our calculations, Ba could also be replaced
by Sr without a large expenditure of energy.

3.3. Oxygen migration

Computational studies of a host of simple perovskite
oxides indicate that oxygen migration takes place by the
exchange of oxygen vacancies with oxygen ions along
the edges of the BO6 octahedra [4–6,9]. Consequently,
12
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Ca/Nb[1]

Ca/Nb[1]

Ca/Nb[1]

Ca/Nb[1]

Nb[2]

Nb[1]

Nb[2]

Nb[2] Nb[2]

Fig. 5. Configuration used to examine oxygen migration in cubic

Ba3CaNb2O9. A Nb(1)O6 octahedron is shown in the center. The ratio

of the rest Ca/Nb(1)O6 octahedra are modified as to give an overall

neutral cell.

Table 4

Migration energies for oxygen vacancy jumps along the edge of various

octahedra in cubic Ba3CaNb2O9

Octahedron dO�O/Å DEm/eV

Nb(2)O6 2.83 0.73

Nb(1)O6 2.86 1.05

CaO6 3.35 2.03

Table 5

Migration energies for oxygen vacancy jumps along the edge of various

octahedra in hexagonal Ba3CaNb2O9

Octahedron Oxygen sites dO�O/Å DEm/eV

NbO(1)3O(2)3 O(2)–O(2) 2.69 0.48

NbO(1)3O(2)3 O(2)–O(1) 2.85 0.93

NbO(1)3O(2)3 O(1)–O(1) 3.04 1.57

CaO(2)6 O(2)–O(2) 3.38 2.25

CaO(2)6 O(2)–O(2) 3.47 2.77
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we examined this migration mechanism for each of the
various BO6 octahedra in the complex perovskite
Ba3CaNb2O9. The procedure for obtaining the activa-
tion energies for oxygen migration in cubic and
hexagonal Ba3CaNb2O9 was, therefore, essentially that
employed previously [4–6,9]: an oxygen ion is fixed at
various positions between its initial site and a neigh-
bouring vacant site, and the defect energy at each point
is calculated. By probing the energy surface in this
manner one can determine the migration path and the
saddle point configuration, and consequently, the
migration energy.

3.3.1. Cubic structure

Recalling the description of the cubic structure in
terms of two types of octahedra, it is clear that there are
essentially three different possible jumps: along the edge
of a Nb(2)O6 octahedron, along the edge of a Nb(1)O6

octahedron, and along the edge of a CaO6 octahedron.
While the calculations for the Nb(2)O6 octahedron do
not present a problem, simply modelling the 4b site
using hybrid cations would be inappropriate, since
the specific pair interactions would be lost. Our method
to examine oxygen vacancy migration around the
cations occupying the 4b site consisted of combining
mean-field and supercell approaches. First of all we
generated a 3	 1	 1 supercell containing hybrid Ca/Nb
cations. In order to examine oxygen vacancy migration,
for example, along a Nb(1) octahedron, we substituted
the hybrid Ca/Nb(1) ion at the centre of the supercell
with an Nb5+ and adjusted the Ca/Nb ratio of the
remaining hybrid sites to give an electrically neutral
supercell (see Fig. 5). This enables us to model
accurately the Nb(1)O6 octahedron and its near
surroundings, while providing a good approximate
description of the rest of the crystal. Analogous
calculations were also carried out for the case of a
Ca2+ in the central octahedron.
The calculated migration energies are listed in Table

4. It is seen that the energies of migration around NbO6

octahedra are almost half that for a CaO6 octahedron.
As reported in previous works [4–6,9], the migration
paths did not follow straight lines along the edges of the
octahedra, but rather curved paths, as sketched in Fig.
5. The curvature was found to be less pronounced in
case of the NbO6 octahedra compared to that of the
CaO6 octahedron.

3.3.2. Hexagonal structure

As indicated in Fig. 2, the hexagonal structure is
based on octahedra containing only Ca or only Nb,
and also possesses two different crystallographic
sites for oxygen ions. Consequently, one finds that
there are 5 different possible exchanges for oxygen ions
and vacancies. The migration energies calculated
for these jumps are listed in Table 5. The trend observed
in the cubic structure is repeated here: jumps around
the Nb octahedra are of lower energy than jumps
around the CaO6 octahedron. Furthermore, there is a
correlation between jump distance and activation
energy.
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4. Discussion

4.1. Structure

Despite several studies of this material, there are still
some uncertainties concerning the exact crystallographic
symmetry adopted by Ba3Ca1+xNb2�xO9�3x/2 com-
pounds [18,21,23–26]. In the literature both cubic [21]
and hexagonal [24] structures have been proposed for
the room temperature structure of Ba3CaNb2O9. Our
calculated lattice energies (see Tables 2 and 3) indicate
that the hexagonal modification is the energetically more
stable structure at room temperature. From an experi-
mental point of view, however, one can imagine that the
additional cation ordering required to form the hex-
agonal structure necessitates high temperatures and long
anneal times, cation transport in perovskite oxides being
characterised by very high migration energies [7,8].
Insufficient thermal treatment may therefore explain
why the cubic form is often observed at room
temperature. Indeed, in an experimental study of a
similar complex oxide Ba3MgNb2O9, a cubic structure
was obtained at room temperature after annealing
at T s ¼ 1000 1C, whereas an anneal at a higher
temperature, Ts ¼ 1300 1C, yielded the 2:1 hexagonal
structure [27].
We briefly comment here on the structures of the

Ba3Ca1+xNb2�xO9�3x/2 materials, which are reported to
be hexagonal [17] (x ¼ 0, T s ¼ 1400 1C, ts ¼ 4 h), cubic
(x ¼ 0:18, T s ¼ 1400 1C, ts ¼ 2 h) [26], (T s ¼ 1250 1C,
ts ¼ 3 h) [21], or even a mixture of both and an
extra disordered cubic phase [24]. Du and Nowick
observed that increasing x induces a gradual struc-
tural transformation from hexagonal to cubic sym-
metry [24]. In contrast, other researchers found that
Ba3Ca1+xNb2�xO9�3x/2 (x ¼ 020:18) samples sintered
at 1200 1C for 4 h all adopted a cubic structure [18]
whereby the annealing conditions probably inhibited the
formation of the hexagonal phase, at least for the parent
compound. A structural transformation to the cubic
form is expected as x increases, since Ca substitution will
disrupt the 2:1 order of the hexagonal structure. It is
unclear, however, whether the transition occurs over a
range of x values, such that Ba3Ca1.18Nb1.82O9�d,
for instance, is a mixture of cubic and hexagonal
phases [23], or whether it is abrupt, such that
Ba3Ca1.18Nb1.82O9�d is cubic [18,26]. Elucidation is
made more complex by having the sintering temperature
as a variable, with higher temperatures promoting the
hexagonal 2:1 ordering and lower temperatures the
cubic structure, as described above for Ba3MgNb2O9

[27] and also for Sr0.2Ba0.8(SrTa2)O9 [29].
Further support for our modelling work can be found

by comparing the calculated static dielectric constants
with experimental results. As can be seen in Table 2, es
for the cubic structure is in reasonable agreement with
the single available result. According to our calcula-
tions, the dielectric constant in the 1:1 cubic structure is
reduced to half the value of that in the 2:1 hexagonal
structure. Such a dramatic reduction in the value of the
dielectric constant upon ordering has been observed
experimentally in other complex perovskites, for exam-
ple, in Ca3(CaNb2)O9 [28] and Sr3�xBax(SrTa2)O9 [29].
For the latter system, the 1:1 ordered Sr3(SrTa2)O9 has
an es of ca. 33, which drops by almost half to 18 for the
2:1 ordered compound Sr0.3Ba2.7(Sr1Ta2)O9 [29]. Taka-
hashi et al. [29] conclude the behaviour is due to the 2:1
ordering rather than to the Ba substitution for Sr.

4.2. Dopant substitution

Alkaline earth dopants were found to show a marked
preference for substituting for Nb(1) rather than for
Nb(2) in the cubic structure. This is a surprising result
because the immediate environments of the two Nb ions
are only marginally different (the calculated Nb–O
distances are 2.02 and 2.00 Å, respectively).
We propose that this behaviour is due to the relative

ease of deforming NbO6 octahedra in comparison with
CaO6 octahedra. Comparing 48 Ca–O distances for
octahedra in various inorganic structures [30,31] we
calculate an average distance of 2.3970.12 Å, which
indicates that the CaO6 octahedra are rather large and
relatively incompressible. Indeed, in the structurally
similar compound, Sr3CaRu2O9, even though the two
crystallographically distinct Ca are under compression,
the bond lengths are almost identical, 2.23170.012 and
2.21570.007 [31]. In contrast, many niobium oxide
compounds are based on NbO6 octahedra that display a
variety of Nb–O distances (from 2.301 to 1.947 Å) and
that are distorted to varying extents [32,33] If one now
considers the radii of the dopant alkaline earth cations,
one notices that they are all larger than Nb5+

(Shannon’s value of 0.64 Å is remarkably close to values
obtained for this structure, if one assumes Shannon’s
value of 1.40 Å for the oxygen ion radius). Hence,
substitution for Nb5+ compresses the surrounding
lattice. In the case of substitution for Nb(1) the adjacent
octahedra are all Nb(2)O6, which deform with a
relatively small expenditure of energy upon the intro-
duction of a large, alkaline earth cation. The contraction
of the surrounding lattice is also required when alkaline
earth cations substitute for Nb(2), but in this case the
deformation is energetically expensive, because, on
average, two-thirds of the adjacent octahedra are
incompressible CaO6 octahedra. Experimental evidence
to support our proposal comes from a neutron diffrac-
tion study of Ba3Ca1+xNb2�xO9�3x/2 by Oikawa et al.
[19] They observed a decrease in the volume of the
Nb(2)O6 octahedra with increasing Ca doping, but
discounted this finding in favour of a far more
complicated (rhombohedral) structure.
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With regard to the hexagonal structure we note that
such issues are irrelevant, since there is only one
crystallographic site for Nb; we reiterate that the
introduction of extra Ca in Ba3Ca1+xNb2�xO9�3x/2

disrupts the 2:1 order, the higher the Ca excess, the
more disorder created.
It is generally accepted that the solution energies for a

range of isovalent dopant cations display a minimum
when the radius of the dopant cation is close or equal to
that of the lattice ion it is displacing [10]. Consequently,
one would expect that, of Mg2+, Ca2+, Sr2+ and Ba2+,
magnesium would be the most favourable substituent
for Nb5+. Considering together the results obtained for
the cubic structure (two Nb sites) and the hexagonal
structure (one Nb site), we find that, in contrast to this
rule, Ca2+ and Sr2+ are more favourable dopants in
two out of three cases, Nb(1)cub and Nbhex. As before,
the difference may be related to the cations occupying
the surrounding octahedra. Nb(1)cubO6 is linked to six
NbO6 octahedra, NbhexO6 to four NbO6 octahedra and
two CaO6 octahedra, whereas Nb(2)cubO6, for which
Mg2+ is the preferred substituent, is surrounded by
more CaO6 octahedra (4/6) than NbO6 octahedra (2/6).
That much larger dopant cations are preferred suggests
that Nb5+ and O2� would like to be much closer
together than the perfect structure allows.
Another interesting result of our calculations is that

Sr2+ can favourably substitute for Ca2+ in the
hexagonal structure or Ba2+ in both the cubic and the
hexagonal structures. From the defect chemistry
point of view, these seem to be rather irrelevant
substitutions. As some experimental results in
Sr1�xBax(Sr1/3Ti2/3)O3 indicate, however, such substitu-
tion can induce a cubic 1:1 (x ¼ 0) or a hexagonal 2:1
(x ¼ 1) structure [29]. This may allow the tuning of
dielectric properties.

4.3. Oxygen migration

From the data given in Tables 4 and 5 we can
conclude that oxygen vacancy jumps around NbO6

octahedra have lower activation energies than jumps
around CaO6 octahedra, regardless of the exact crystal
symmetry, and hence that the difference in behaviour
arises from the different sizes and charges of the
octahedral cations.
The saddle point configurations identified in our

calculations consist of the oxygen ions passing through
the aperture formed by two Ba cations and the B site
cation (Ca or Nb), as expected from previous work on
oxygen migration in perovskites [9,10]. Kilner and
Brook [10] noted that the radius of a sphere that can
just pass through this aperture without disturbing the
surrounding lattice, the critical radius, is smaller than
that of an oxygen ion. These cations thus constitute a
steric hindrance to oxygen migration.
We estimated the critical radii of the various saddle
points, using the cations’ positions in the unit cells and
their Shannon radii {rðBa2þÞ ¼ 1:61 (A; rðNb5þÞ ¼
0:64 (A; rðCa2þÞ ¼ 1:00 (A} [33]. As shown in Fig. 6a,
there is a clear difference between the CaO6 and NbO6

octahedra, or rather between the Ca–Ba–Ba and
Nb–Ba–Ba apertures. This difference is consistent with
the size of the cations playing a role in determining DEm,
but there are also trends within each octahedron type,
which suggests that rcrit is not the only important
parameter. A more complete description will require us
to consider, in addition, the different Coulomb con-
tributions for an O2� migrating towards Nb5+ or Ca2+

and also the deformability of the surrounding octahedra
(cf. dopant substitution discussed in the previous
section). Lastly, we show in Fig. 6b that there is a
good correlation between DEm and the jump distance
of the oxygen ion. The reason behind this is unclear,
but as dO–O is a measure of the size of the octahedron,
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it may reflect both steric and coulombic contributions
to DEm.
Let us now consider oxygen diffusion in the system

Ba3Ca1+xNb2�xO9�3x/2. The substitution of Ca for Nb
generates oxygen vacancies, which are, of course,
necessary for oxygen diffusion, but at the same time
leads to an increase in the number of CaO6 octahedra,
which make the migration of oxygen vacancies more
difficult. Furthermore, it also drives the structural
transition from hexagonal to cubic symmetry. For low
values of x, such that the hexagonal structure is still
stable, one can say that oxygen diffusion will be
characterised by an activation energy of greater than
2 eV, since, for three-dimensional, long-range transport
to occur, the oxygen vacancies must inevitably migrate
at some point along a CaO6 octahedra (recall Fig. 2). At
some value of x the cubic structure will be the more
stable form, and the situation becomes more compli-
cated because of the huge variety of possible oxygen
vacancy jumps within the network of CaO6 and NbO6

octahedra. We analysed this problem with the percola-
tion theory: we consider all NbO6 jump possibilities as
connected paths, on account of their low activation
energies, and all CaO6 octahedra jumps as unconnected

paths, on account of their higher activation energies.
Each time a migrating oxygen vacancy in an Nb(2)O6

octahedron moves to a different octahedron, it has six
possible destinations in Ba3Ca1+xNb2�xO9�3x/2 with
x ¼ 0 : 2 are connected Nb(1)O6 and four are uncon-

nected CaO6. These six possibilities can be represented
by a simple cubic lattice. The critical fraction of
Nb(1)O6 octahedra required to maintain a continuous
connected path from one side of a macroscopic
sample to the other, the bond percolation threshold,
is 0.249 [34] which corresponds to a composition
Ba3Ca1.127Nb1.873O8.810. Going below this critical frac-
tion, i.e., increasing the amount of Ca excess, will cause
the oxygen diffusivity to drop considerably, despite the
increasing concentration of oxygen vacancies, and the
associated activation energy to rise from ca. 1 eV to
greater than 2 eV.
Kreuer and co-workers have shown for simple ABO3

perovskites that proton migration is governed by the
vibrational dynamics of the oxygen ions [13], which
is determined by the potential wells in which the
O2� ions reside, and the Coulomb interaction between
the proton and the B cation [12]. In the case of
Ba3Ca1+xNb2�xO9�3x/2 one could say, therefore, that
the further substitution of Nb5+ with Ca2+ beyond the
percolation threshold will cause a reduction in the
repulsive Coulomb term that combined with the higher
proton concentration (which is proportional to the
dopant concentration), may compensate for the hard-
ening of the oxygen-ion vibrations, up to a certain
level. Interestingly, maximum proton conductivity in
Ba3Ca1+xNb2�xO9�3x/2 was observed for x ¼ 0:18,
which is equivalent to a site fraction of Nb(1) ions in
the 4b sites of 0.213. This value is below, but still close
to, the percolation threshold for oxygen vacancy
migration of 0.249.
In making such comparisons one must also consider

that the experimental conductivity was measured with
impedance spectroscopy, and hence, does not corre-
spond to long-range transport, but only to hops that
take place within half an a.c. cycle. Hence, one could be
below the percolation threshold, but still have regions
that are separated from one another, within which there
are connected paths of NbO6 octahedra. This would
explain why the available experimental data on oxygen
transport in Ba3Ca1.18Nb1.82O9�3x/2 give activation
energies of 0.82–0.92 eV [35] and 0.7 eV [36], which can
only refer to the migration of oxygen vacancies around
NbO6 octahedra. In this regard it would be of great
interest to determine the d.c. conductivity data in dry
samples or to measure the diffusion of isotopically
labelled oxygen. Finally, we note that the possibility of
having mixed phase samples complicates the analysis of
experimental information.
5. Conclusions

The structures of cubic and hexagonal Ba3CaNb2O9

were modelled by means of atomistic simulation. The
calculated properties present a reasonable agreement
with the experimental results available. Further support
for our modelling work was found by comparing the
static dielectric constant with experimental results for
similar systems.
Against the generally accepted rule that size simila-

rities should facilitate doping, we found that the
substitution of Ca2+ for Nb5+ is more favourable than
the substitution of Mg2+ for Nb5+ in Ba3CaNb2O9.
The introduction of a large cation such as Ca2+ induces
the contraction of the surrounding octahedra.
We suggest that the ease of deforming the surrounding
NbO6 octahedra, as opposed to the CaO6 octahedra,
is responsible for this effect. In cubic Ba3CaNb2O9

this leads to a clear distinction between the two
Nb sites. The contraction of the surrounding NbO6

with Ca doping has indeed been reported in the
literature.
There are two distinct paths for oxygen migration:

transport along CaO6 octahedra and transport along
NbO6 octahedra. The former process is hindered by the
high activation energy of 2 eV while the latter is
relatively easy, with an activation energy around 1 eV.
The size of the saddle point aperture and the cation radii
play a role in determining DEm, but we also found that
the activation energy decreases clearly with the migrat-
ing distance; however, further work should be carried
out in order to explain this trend.
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In the cubic structure oxygen migration will take
place preferentially through hopping along NbO6

octahedra. In a purely cubic Ba3Ca1+xNb2�xO9�3x/2

oxygen migration can be facilitated by the existence of a
percolation path of NbO6 octahedra. After a composi-
tion of Ba3Ca1.1268Nb1.8732O9�d any extra amount of Ca
will result in the increase the activation energy as oxygen
must also now migrate along CaO6. The reported values
of 0.7–0.92 eV seem to indicate that the migration of
oxygen ion takes place around the NbO6 octahedra
only.
Interestingly, the percolation value of Ba3Ca1.1268

Nb1.8732O9�d and the composition Ba3Ca1.18Nb1.82
O9�3x/2 reported to have the maximum proton conduc-
tion are very close to each other. Proton conduction
might be as well affected by this percolation value since
the vibrational amplitudes of two oxygen atoms is of
paramount importance for the transport of protons and
these are affected by the B cation.
In the hexagonal structure, transport along NbO6

octahedra has an activation energy lower than 1 eV but
transport along CaO6 octahedra is higher than 2 eV.
However, due to structural reasons oxygen migration
involves the movement along CaO6 octahedra, making
oxygen ion migration more difficult. In a
Ba3Ca1+xNb2�xO9�d system, the doping breaks the
2:1 order and may lead to a cubic structure.
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