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Abstract

Computer modelling techniques have been used to investigate the defect and oxygen transport properties of the Aurivillius phase
BisTi;O1. A range of cation dopant substitutions has been considered including the incorporation of trivalent ions (M>* = Al, Ga
and In). The substitution of In®" onto the Bi site in the [Bi,O,] layer is predicted to be the most favourable. The calculations suggest
that lanthanide (Lrn* ") doping at the dilute limit preferentially occurs in the [Bi,O,] layer, with probable distribution over both the
[Bi,O5] and the perovskite A-site at higher dopant levels. It is predicted that the reduction process involving Ti** and oxygen
vacancy formation is energetically favourable. The energetics of oxide vacancy migration between various oxygen sites in the

structure have been investigated.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The Aurivillius phases are a family of bismuth
containing layered perovskites [1,2]. Their structure is
based on a regular intergrowth of fluorite-like [Bi202]2 *
and perovskite-like [A4,_,B,0s,: 1> layers, typical
examples being Bi,WOq4 (= 1), SrBi,Ta,O9 (n=2)
and Bi4Ti30, (n = 3). These materials have been widely
studied as ferroeclectrics since the early work of
Smolenskii et al. [3] and Subbarao [4]. However, it is
only more recently that the potential of these materials
for commercial applications has begun to be realised. In
particular, the discovery of low polarisation fatigue (i.e.,
negligible loss of remnant polarisation on repeated
switching) in thin-film SrBi>Ta,0q [5], with consequent
potential for uses in applications such as ferroelectric
random access memories (FeRAMs), has renewed
interest in the fundamental solid-state chemistry and
physics of the Aurivillius phases. More recently, Park
et al. [6] have shown that La-substituted BisTi;0;, thin
films provide a promising alternative for FeRAM
applications. In parallel with these developments, the
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discovery of high oxide ion conductivity in the so-called
‘BIMEVOX’ series of phases [7], derived from BiyV,0;
(an anion-deficient, n = 1 Aurivillius phase) has also led
to the search for similar behaviour in a range of related
members of this family.

The aim of the present work is to apply atomistic
simulation techniques, for the first time, to the study of
the defect chemistry of the archetypal Aurivillius phase
Bi4Ti501,. This model phase has been chosen as some of
the more interesting developments in ferroelectricity
within this family have been made on derivatives of this
parent phase, prepared via either iso- or aliovalent
cationic substitutions [8,9]. Specifically, doping of La*"
into the BiyTi;0;, structure (Fig. 1) has recently been
shown to produce excellent fatigue-free performance
compared to the parent composition [6]. Also, prior
work has reported the presence of promising oxide ion
conductivity in n» =3 and 4 Aurivillius phases via
doping with aliovalent cations, e.g., M° " (M=Al, Ga,
In) for Ti** [10]. The conductivity is proposed to occur
via a conventional hopping mechanism, requiring
oxygen vacancies in the structure. However, a more
recent powder X-ray diffraction study of the Ga’™-
doped phases concluded that the materials were impure
[11], and contained a Bi,O3; impurity phase which may,
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Fig. 1. BigTi3Oy, structure, viewed along [110].

in part, be responsible for the observed ionic conductiv-
ity. The implication of this is that the tolerance of these
phases to cation doping and/or oxide ion vacancies is
much smaller than previously thought, which is a major
focus of the present study.

The BiyTi30; structure is relatively complex (Fig. 1),
containing six crystallographically distinct oxygen sites
and four different cation sites, viz. two distinct Ti sites
(the °B’ sites of the perovskite block) and two distinct Bi
sites (the perovskite ‘4’ site and the interlayer [Bi,O;]
site). It is of interest therefore to understand the nature
and extent of the defect chemistry of BisTizO;, using
both experimental and modelling methods.

Atomistic simulation techniques are now established
tools for the investigation of structures and energetics of
complex materials. The techniques are well suited to
modelling defect properties and ionic migration in oxide
ion conductors, and have been applied successfully to
perovskite [12—-14] and brownmillerite phases [15]. In the
context of related Aurivillius compounds, these methods
have been used to study dopants and oxygen transport
in n =1 phases based on Bi,WOg [16], and the crystal
structures of a range of n = 1—3 phases [17]. The present
work on the n =3 Aurivillius phase BisTiz0, will
extend the previous computational studies to include
dopant incorporation at all cation sites, and also the
energetics of oxide ion vacancy migration.

2. Simulation methods

The simulations used in this study are based upon
energy minimisation procedures, embodied in the
GULP code [18]. The total energy of the system is
given by a set of interatomic potentials that express the
energy as a function of the atomic co-ordinates. For
oxide materials the Born model is used, which divides
the energies of the system into long-range Coulombic
interactions, and a short-range term which describes the
repulsions and van der Waals attractions between
electron charge clouds. The form of the short-range
term used is the Buckingham potential:

V(r)=Ae " — rgé (1)
It is also necessary to simulate ionic polarisation, for
which the Dick—Overhauser shell model is used. In this
model, the ion is described in terms of a core
(representing the nucleus and core electrons) connected
by a harmonic spring to a shell (representing the valence
electrons). The shell model has been shown to simulate
effectively both dielectric and elastic properties [18].

The defect calculations are performed using the Mott—
Littleton approach, which involves partitioning the
crystal lattice into two regions, so that the ions in the
inner region are relaxed explicitly. The remainder of the
crystal, in which the defect forces are relatively weak, is
modelled using quasi-continuum methods.

Such simulation methods have been applied to the
study of defects and oxide ion transport in a range of
complex oxides [12—-16]. As discussed previously [14,18],
the validity of the model is assessed mainly by its ability
to reproduce experimental crystal properties, which our
model does for a complex structure. We stress that our
simulations provide a useful guide and rationalisation of
defect properties based on clear trends in the calcula-
tions at the atomic level.

3. Results and discussion
3.1. Structural modelling

The structure of BiyTi30;, was studied using the
orthorhombic model (space group B2cb) suggested from
powder neutron diffraction data [19]. This model has
two sites containing Bi®", with different coordination
environments (Fig. 1). The [Bi,O,] layer site (Bi2) is an
8-coordinate position, whilst the perovskite A-site (Bil)
adopts 12-coordination. There are two Ti*" containing
sites, the perovskite B-sites, which are both distorted
octahedral sites with the octahedra being rotated around
the principal unit cell axes. It is these octahedral
distortions, together with the co-operative displacement
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of the Bil site, that are considered key to the ferro-
electric properties of this family of materials.

The initial interatomic potentials were those derived
by Pirovano et al. [17] to describe =1, 2 and 3
Aurivillius phases. Due to the importance of the
octahedral distortions the effect of various Ti-O
potentials on the calculated structural model was
examined. To determine whether the model provided a
good reproduction of the experimental data, the lattice
parameters were examined. The result of these calcula-
tions is the final set of interatomic potentials used in the
defect calculations given in Table 1. The calculated
lattice parameters are listed in Table 2, which generally
show good accord with the experimental data with an
average difference of 1% for a relatively complex
structure. This provides a valid starting point for the
defect calculations.

3.2. Intrinsic defects

Calculations were first performed on the energies of
isolated vacancy defects. The resulting energies are given
in Table 3. Attempts to establish interstitial defect
energies were unsuccessful, suggesting that such defects
are not feasible, as expected. It is found that the oxygen
(02) position in the [Bi,O,] layer is the lowest energy
oxygen vacancy site. This is contrary to the hypothesis
put forward previously [10], where the vacancies were
proposed to create a brownmillerite-type sublattice.

Table 1
Interatomic potentials for BiyTizO;»
A (eV) o (A) C (eVA®%
(a) Short-range Buckingham
Bi-Bi 24244.50 0.3284 0
Bi-O 49529.35 0.2223 0
Ti-O 2549.4 0.2989 0
0-0 9547.96 0.2192 32

(b) Shell model

Species K(eV A?) Shell(e)

Bi*" 359.55 -5.51

Ti** 39.5 2.89

0>~ 6.3 ~2.04

Table 2

Calculated and experimental lattice parameters for BiyTizO;,
Parameter Calculated Experimental®
a(A) 5.4474 5.4451(1)
b (A) 5.4022 5.4101(1)
c(A) 33.8184 32.8564(7)
o= pf =7y (deg) 90 90

Lattice energy (eV) —618.116

*Values at 298 K Ref. [19].

Table 3
Calculated point defect energies of isolated vacancies

Ton site Vacancy energy (eV)
Bil 44.28
Bi2 55.24
Til 93.22
Ti2 96.71
Ol 24.11
02 15.35
03 22.44
04 18.61
05 18.34
06 18.57

There is no experimental evidence for this brownmiller-
ite-related structure in BisTi30;, and its derivatives.

Our results are consistent with X-ray photoelectron
spectroscopy (XPS) studies of Jovalekic et al. [9], which
suggest that the oxygen vacancies are sited close to
bismuth ions, most probably in the [Bi,O,] layer.
Chemical intuition would also support the defect
calculation in this respect, as the (O2) position is the
most ‘over-bonded’ anion site in the Aurivillius phases
in bond-valence terms; vacancy formation at this site
would help to reduce the inherent stress in the lattice
within this layer. In this context, dielectric studies of this
system have probed relaxation phenomena, which are
believed to be related to oxygen vacancy defects or local
ion-jump mechanisms [8§].

Many applications result in conditions where materi-
als are expected to be used under a variety of oxygen
partial pressures. Recent studies of Zhang et al. [9] have
also suggested that the oxygen vacancy defect is the
predominant factor determining ferroelectric fatigue. It
is therefore desirable to examine the possibility of
certain redox processes in the undoped material. In this
system processes involving the reduction of the Ti** to
Ti’* have been examined via the following redox
process:

Of—> Vs +10,+2¢, (2)

where V, is an oxygen vacancy and ¢ is treated as a
localised electronic species (Ti**). Our analysis has
included all the key terms, but there are uncertainties in
the absolute values due to the free-ion energies
employed. Nevertheless, our concern here is to under-
stand trends in the formation of electronic species; for
this task our modelling methods have proved to be
reliable.

Focussing on the most favourable oxygen vacancy
(02) and electronic terms, the energy for the reduction
process is found to be highly favourable (—1.5¢V,
Table 4). It is therefore predicted that BisTiz;O;, may
form Ti’* and oxygen vacancies under reducing
conditions (low oxygen pressures pO,), which may lead
to n-type conduction behaviour. Indeed, the presence of
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Table 4
Calculated redox and oxygen vacancy migration energies

Process Energy (eV)
Reduction reaction (2)* —1.54
O1-01 vacancy migration 2.52
02-02 vacancy migration 1.60

solated electronic terms: ¢'(—4.29¢eV); 1/2 0, — >0?7(9.86¢V).

Ti** species and n-type conductivity is not unusual in
other titanium-based oxides [20]. Since redox processes
under reducing atmospheres have not been fully exam-
ined in BiyTi3O;,, this area requires detailed experi-
mental investigation.

3.3. Dopant substitution

It has been demonstrated experimentally that the
doping of lanthanide (Ln*") cations for Bi*" in
Bi4Ti50;, decreases the ferroelectric Curie temperature
Tc [21]. It had originally been assumed that the
lanthanide substitution occurred on the perovskite A4-
site (Bil) and not on the [Bi,O,] layer site (Bi2).
However, recent powder X-ray diffraction studies
[22,23] have shown that this is only an approximation,
with La doping occurring on both sites for compositions
BizLaTiz;O, and Bi,La,Tiz;O,. In fact, very recent
electron diffraction and microscopy studies of Chu et al.
[24] have suggested an even more complex defect
mechanism in the Biy_,La,TizO, system involving
Bi/La cation disorder and lowering of symmetry.

In our present study, the approach to dopant
incorporation involves the calculation of the Ln’™"
dopant substitution energy at all the Bi’" and Ti*"
sites, the latter with charge-compensating oxygen
vacancies. The substitutions can be represented by the
following defect reactions:

Ti-site:
1LnyO3 + Tif; = Ly 4+ TiO, + 115" (3)
Bi-site:
1Ln,O3 + Biy; = Ln; + 1B, 0s. (4)

The energies of these ‘solution’ reactions can then be
calculated by combining the appropriate defect and
lattice energy terms. Using this consistent approach
creates a guide to the relative energies for different
dopant ions on different lattice sites. The calculated
solution energies for lanthanide (Ln®") dopants are
plotted against ion size in Fig. 2.

Examination of these results reveals two main points.
First, the doping of the lanthanide cations into either of
the Ti*" sites is highly unfavourable as expected, which
we show explicitly on energetic grounds. This accords
well with experimental data, since the Ln’* cations are
viewed as too large to occupy the octahedral site.
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Fig. 2. Calculated solution energies as a function of ionic radius for
lanthanide (L) dopants at Bi and Ti sites (only Ti2 is shown, as it is
the lower energy Ti site).

Second, the solution energies obtained for the two Bi**
sites suggest that the [Bi,O,] layer site is slightly
favoured over the perovskite A-site. Moreover, the
solution energies for the lanthanide cations show no
significant trend with cation size. X-ray powder diffrac-
tion studies [22,23] show a strong preference for Ln’*
substitution at the Bil site, which increases with
decreasing Ln’" cation size.

In these simulations only an isolated dopant ion is
inserted, i.e., the calculation takes place at the dilute
limit. The simulation result does not suggest that doping
will take place only on the [Bi»O,] layer site, but that the
initial doping will occur on that site. Nevertheless, in
view of the large lattice energies used in the calculations,
the very small difference in the solution energies for the
two Bi’" sites may suggest that doping would occur
over both sites at higher concentrations, with cation
disorder over the two sites.

Similar calculations were performed for the smaller
trivalent cations, Al, Ga and In. The results are again
displayed as a plot of solution energy versus ionic radius
(Fig. 3). These results show that both Ti*" sites are
unfavourable for the incorporation of these M?>"
dopants. The most favourable substitution site for the
M?* dopants is Bi2, although Ga®" has a relatively
high solution energy suggesting lower solubility. It is
worth noting that recent X-ray powder diffraction
studies [11] of related Ga®*-doped phases concluded
that the limit of solid solubility for Ga®* is much
smaller than previously thought. The lowest solution
energy is predicted for In** doping, which we suggest
warrants further experimental work.

3.4. Oxide ion migration

The M**-doped phases have been proposed as oxide
ion conductors [10]. For example, conductivity data for
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Fig. 3. Calculated solution energies as a function of ionic radius for
trivalent (M>") dopants at Bi and Ti sites (only Ti2 is shown, as it is
the lower energy Ti site).

the 3-layer Aurivillius phases find activation energies
of 0.62eV above 775°C and 1.28eV below 775°C
for the Bi,Sr,Nb,GaO;;5 system, and values for
BirSr;Nby,AlOg 5 of 0.61eV and 1.26eV, above and
below 800°C, respectively [10]. However, it has been
postulated that any high oxide ion conductivity could, at
least in part, be influenced by the presence of a Bi,O3
impurity phase [11]. The Bi,O3 phases are known to
have activation energies for oxygen ion transport of
about 0.4-0.8 eV depending upon the structure type and
dopant level [7].

Simulation studies can greatly enhance our under-
standing of this problem by evaluating the activation
energies for various defect migration mechanisms at the
atomic level. We have therefore examined the energetics
of oxygen vacancy migration in BiyTi30;,. The migra-
tion energies were evaluated from energy profiles by
calculating the energy of the migrating anion along the
diffusion path between adjacent oxygen sites. In this
way, the ‘saddle-point’ configuration can be identified,
from which the energy barrier to migration is derived.

Calculations were performed for the [Bi,O,] oxygen
site (O2) as the lowest energy oxygen vacancy site, and
the O1 position in the inner Til-O1 plane. It was found
that the activation energies for Ol and O2 vacancy
migration are relatively high values of 2.5 and 1.6eV,
respectively (Table 4). Such large migration energies for
BiyTi30;, suggest that high oxide ion conductivity
would not be exhibited in this phase.

Recent dielectric and mechano-elastic measurements
of Jimenez et al. [25] on point defects in BiyTi304, find
relaxation peaks that are attributed to oxygen vacancy
migration (E,=1.90eV at T =450°C). Elastic relaxa-
tion peaks are also present close to 300°C whose
activation energy (1.50eV) and characteristic time
(10""°s) suggest a vacancy migration process, which
are consistent with our calculations.

In a previous simulation study [17], phases based on
doped Bi,WOg¢ (n = 1) were found to have activation
energies as low as 0.63eV for oxide vacancy migration,
in accord with conductivity studies. In general, the order
of magnitude of oxide ion conductivity is significantly
lower in the n>1 Aurivillius phases than in the n =1
BIMEVOX compounds based on doped BiyV,O;; (7).
Baux et al. [26] have discussed the lower ionic
conductivity and higher activation energies (>1.2¢V)
found in the n>1 Aurivillius phases in comparison to
the doped Bi;WOg4 (n = 1) material; they rationalised
this in terms of the structural differences and the role of
the Bi*" lone pair in the migration mechanism of
oxygen vacancies. One of the aims of our present study
is to encourage further experimental work to (re)ex-
amine the case for low oxide ion conductivity in n>1
Aurivillius phases.

4. Conclusion

Atomistic simulation techniques have been employed
to investigate the defect, dopant and oxygen transport
properties of the 3-layer Aurivillius phase BisTi50;, that
are relevant to potential ferroelectric applications. The
following main points emerge.

(1) Investigations into Ln’* doping (Yb, Gd, Nd, La)
have suggested that incorporation could occur at
both of the Bi*" sites as observed experimentally.
At the dilute limit a slight energetic preference for
the [Bi,O»] layer site is found.

(2) Calculations performed on the smaller M> " dopants
(Al, Ga, In) have suggested that substitution is
unlikely to occur at any of the perovskite sites (Bil,
Til or Ti2) on energetic grounds. For substitution at
the [Bi,O,] site, In®" is predicted to be the most
favourable dopant, which merits further experimen-
tal investigation.

(3) The favourable reduction energy suggests the for-
mation of Ti’" and oxygen vacancies under redu-
cing atmospheres (low pO,), which could lead to
n-type conduction behaviour. Oxygen vacancy
migration has been examined with the calculation
of high activation barriers (>1.6eV), suggesting
that high oxide ion conductivity is unlikely to be
exhibited in the BisTi30;, phase.
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