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Abstract

We have synthesized samples in the system BaTi;_ Fe, O;_,» with x = 0.1 — 0.6 at temperatures of 1200—1300°C under reducing
conditions of oxygen fugacity. After drop quenching, samples were characterized using the electron microprobe, X-ray diffraction
and Mossbauer spectroscopy. All samples were hexagonal with a 6H-BaTiO; type structure. Mdssbauer spectroscopy showed all
iron to be present as Fe**, occurring in octahedral and pentahedral sites. Analysis of area ratios indicates that oxygen vacancies are
distributed randomly over Ol sites, and that a random distribution of Fe and Ti cations over M1 and M2 sites is consistent with the
data. No evidence for ordering of oxygen vacancies was found. Results are consistent with conductivity results, which show

generally increasing ionic conductivity with increasing oxygen vacancy concentration.
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1. Introduction

Considerable interest has been focused on the defect
structure and transport properties of perovskite-type
compounds due to their important technological appli-
cations, including uses in electrochemical devices such as
fuel cells, gas sensors, and membranes for oxygen
extraction or hydrogen production. Their thermal and
chemical stability is a decisive advantage in these
applications; thus it is important to understand the
properties that are relevant to fast oxygen transport.
BaTiOs-based ceramics are mixed conductors showing
both ionic and electronic conductivities (n- and p-type)
at elevated temperatures, where the electrical properties
are controlled by doping with aliovalent impurities. One
interesting aspect of these compounds is their ability to
accommodate anion vacancies in order to maintain
electrostatic neutrality when Ti*" is replaced by Fe’™.
These vacancies lead to high ionic and electronic
conductivities, and thus promote better performance
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as electrochemical devices. In this study we focused on
the vacancy structure of Fe® " -substituted BaTiOs.

The structure of 6H-BaTiO; is constructed from six
BaOj layers in cubic (¢) and hexagonal (%) close packing
in the sequence hcchee [1] (Fig. 1). Ti2 atoms occupy
pairs of face-shared octahedra, while Til atoms are
situated in octahedra between ¢ layers that share corners
with Ti2 octahedra. When Ti*" is substituted by Fe’*,
oxygen vacancies are created according to the electro-
neutrality condition [Fel;] = 2[V."], and appear to be
confined to the Ol site [2]. Removal of one oxygen atom
from the common face shared by adjacent M2 sites
creates a pair of edge-shared pentahedra (Fig. 1).

There is an extensive solid solution of 6H-BaTi;_,
Fe, O;_s that extends to ca. x =0.67, depending on
temperature and oxygen fugacity [2,3]. Close to the
BaTiO; end member, Fe’ * is stable over a wide range of
oxygen partial pressures (from 10~* to 1072* bar at
700°C) [4], while Fe*" becomes more stable relative to
Fe*" under oxidizing conditions as the iron concentra-
tion increases [2].

There is limited Mossbauer data for BaTi;_ Fe, O3_s.
Studies near the BaTiO; end member focused on the
behavior of Fe*", and consequently found it difficult
to prepare samples except under highly oxidizing
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Fig. 1. Crystal structure of 6H-BaTi;_,Fe, O;_s looking down [110].
Structural units are shaded as follows: M1 octahedron: light gray; M2
octahedron: black; Ol atoms: black; O2 atoms: white. Ba atoms have
been omitted for clarity. The bottom row of M2 dimers shows the
effect of zero, one or two oxygen vacancies associated with the pair
(from left): face-shared octahedra, edge-shared pentahedra, and
corner-shared tetrahedra, respectively. The sequence of cubic (¢) and
hexagonal (%) close packed BaOjs layers are indicated, as well as layers
containing O1/0O2 atoms and M1/M?2 sites.

conditions [4,5]. Fe*" occurred as a quadrupole doublet
at room temperature with narrow line width and center
shift (relative to a-Fe) of —0.01 mm/s, while Fe* " could
only be resolved as a broad quadrupole doublet with
center shift (relative to o-Fe) near 0.3 mm/s [4]. At the
other end member, studies of BaFeO, o5 reported similar
results: a narrow quadrupole doublet assigned to Fe* "
at room temperature with center shift (relative to «-Fe)
of —0.06mm/s and a broad quadrupole doublet
assigned to Fe’" with center shift (relative to o-Fe)
near 0.5mmy/s [6]. None of the studies were able to
resolve the Fe’" quadrupole doublet sufficiently to
determine Fe* " site distribution.

In this paper we report the first Mdssbauer study of
BaTi;_,Fe,O3_.» samples synthesized over a range of
compositions in order to investigate cation distribution
and short-range ordering of oxygen vacancies, and
discuss potential implications for the interpretation of
conductivity data.

2. Experimental methods

Polycrystalline samples of  BaTi;_,Fe,O;_5
(x=0.1,0.2,0.3,0.6) were prepared via solid state
reaction at high temperature under controlled atmo-
sphere. Appropriate amounts of reagent-grade BaCOs,

Fe, 05 and TiO, powders were mixed in an agate mortar
under ethanol for about 30 min, and heated in a crucible
in air for 37-114 h at temperatures ranging from 1200°C
to 1300°C (run times and temperatures decreased with
increasing iron concentration). An additional sample of
BaTiygFeq 105_s was prepared using the same methods
with a *’Fe enrichment of 30%. All run products were
analyzed by electron microprobe, and were found to be
close to the nominal composition (Table 1). Materials
were then heated in open AgPd capsules at temperatures
of 1200°C in CO—CO, gas mixtures corresponding to an
oxygen fugacity of logfO, = —11. Samples were drop
quenched into a cool part of the furnace under flowing
gas and examined using X-ray diffraction and MJss-
bauer spectroscopy.

X-ray intensity data were collected on a Siemens D-
5000 diffractometer using CuKo radiation. Step scan
intensity measurements were made in the 20 range 20—
80° at intervals of 0.02°. All samples were found to be
single phase. The crystal structure of BaTi;_,Fe,Os_y»
(x=0.1—0.6) was determined to be hexagonal with
6H-BaTiO; type, where the wvariation of unit cell
parameters is consistent with previous results in the
literature [3].

Samples for Mdssbauer spectroscopy were prepared
by mixing powdered materials with benzophenone and
mounting in Plexiglass sample holders. Sample weights
were calculated to provide the optimum sample thick-
ness while minimizing thickness effects [7], and varied
from 1 to 5mg Fe/cm® Mossbauer spectra were
recorded at room temperature (293 K) in transmission
mode on a constant acceleration Mossbauer spectro-
meter with a nominal 1.85GBq >’Co source in a 6 um
Rh matrix. Spectra took typically 3 days each to collect.
The velocity scale was calibrated relative to 25 um o-Fe
foil using the positions certified for National Bureau of
Standards standard reference material no. 1541; line
widths of 0.28 mm/s for the outer lines of a-Fe were
obtained at room temperature. The spectra were fitted
to Lorentzian lineshapes using the commercially avail-
able fitting program NORMOS written by R.A. Brand
(distributed by Wissenschaftliche Elektronik GmbH,
Germany).

3. Results

The Mossbauer spectra of BaTi;_,Fe,O3_,» consist
of multiple overlapping doublets (Fig. 2). The fitting
approach took into account the structure of 6H-
BaTi,_,Fe,O3_,», and the range of center shifts
observed for octahedral and pentahedral Fe*" in
CaTi;_ Fe, Os_,» [8]. The validity of fits was judged
on the basis of minimizing the number of parameters
and y> values, providing physically realistic fits to
the spectra, and achieving consistency across the
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Table 1

Hyperfine parameters for BaTi,_,Fe,O3_,» at 293K

Fe concentration (x) 0.1* 0.12(3) 0.20(2) 0.31(5) 0.62(5)
YIES doublet

CS (mm/s) 0.33 0.33 0.33(1) 0.34(1) 0.34(2)
QS (mm/s) 0.32(2) 0.43(8) 0.35(3) 0.38(2) 0.33(2)
I (mm/s) 0.41(4) 0.24(17) 0.28(6) 0.30(6) 0.40(4)
Area (%) 35(20) 13(20) 33(13) 37(21) 39(8)
YIES™ singlet

CS (mm/s) 0.32 0.32 0.32(1) 0.33(1)

I (mm/s) 0.40 0.38(18) 0.27(8) 0.25(20)

Area (%) 16(20) 34(28) 18(9) 8(8)

VEST (1) doublet

CS (mm/s) 0.29(2) 0.26(3) 0.27(1) 0.26(1) 0.25(1)
QS (mm/s) 0.67(2) 0.68(3) 0.71(2) 0.73(2) 0.73(6)
I (mm/s) 0.50 0.45(7) 0.37(2) 0.38(2) 0.37(9)
Area (%) 49(20) 53(16) 49(5) 55(5) 44(10)
VEST (11) doublet

CS (mm/s) 0.25(1)
QS (mm/s) 1.06(10)
I' (mm/s) 0.32(12)
Area (%) 17(10)
VFe* " (cations per formula unit) 0.05(2) 0.06(2) 0.10(1) 0.17 (2) 0.38(9)
VIEe*" (cations per formula unit) 0.0502) 0.06(2) 0.10(1) 0.14 (2) 0.24(5)

Note: CS: center shift (relative to a-Fe); QS: quadrupole splitting; I': Lorentzian line width; area: relative area.

Values in italics were held fixed during the fitting process.
2Nominal composition; synthesized with >'Fe.

composition range. Conventional constraints were
applied to the high- and low-velocity components of
each doublet (i.e. equal area and equal width). The final
fitting model consists of one singlet assigned to
octahedral Fe’", one doublet assigned to octahedral
Fe’*, and two doublets assigned to pentahedral Fe®*.
Hyperfine parameters are listed in Table 1, where
uncertainties are estimated based on statistical errors
of the particular fitting model, as well as uncertainties in
the model itself. Caution must be exercised in spectral
interpretation due to the overlap of spectral compo-
nents; hence in the following discussion, we focus
primarily on the parameters that are well constrained
by the data, namely the center shifts and the proportion
of pentahedral Fe’" absorption relative to total
absorption.

The presence of Fe’" was ruled out based on the
absence of absorption at higher velocity (a center shift of
at least 1.0 mm/s relative to «-Fe would be expected, e.g.
[9]) and the presence of Fe*" was ruled out based on the
weighted mean center shifts (a parameter which is
relatively independent of the fitting model) which all fall
within the range for Fe*". The absence of Fe*"' is
consistent with previous work and the relatively redu-
cing conditions used to synthesize the samples.

A minimum of two subspectra are required to fit
octahedral Fe®" absorption in Md&ssbauer spectra of

6H-BaTi,_.Fe,O;_,, likely reflecting a distribution of
Fe*" between the M1 and M2 sites. Most fitting trials
with two octahedral Fe’" doublets of spectra from
samples with low iron concentration returned zero for
the quadrupole splitting of one of the doublets, hence we
modeled octahedral Fe** absorption as one doublet and
one singlet. At low iron concentrations the singlet could
be interpreted to indicate Fe® " in the M1 site (since it
has cubic symmetry the quadrupole splitting should be
zero), but the absence of the singlet in spectra from
higher iron concentrations does not exclude the possi-
bility of Fe’* occupying the M1 site. Symmetry could
be lowered in the M1 site at higher iron concentrations
(e.g. by next-nearest neighbor interactions) such that
quadrupole splitting is no longer zero.

Hyperfine parameters for pentahedral Fe’' in
BaTi,_,Fe,O3_, are similar to those for pentahedral
Fe’* in CaTi;_,Fe,O; . [8]. One doublet was
sufficient to model absorption assigned to pentahedral
Fe’ " in all BaTi,_,Fe, O3_, spectra except for x = 0.6,
where an additional doublet was required. In all fitting
trials the center shift of the two doublets in the x = 0.6
spectrum assigned to pentahedral Fe’* were identical
within experimental error, suggesting that the second
doublet might correspond to a slightly different next-
nearest neighbor environment. Such a difference could
arise between pentahedral dimers occupied by Ti and
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Fig. 2. Room temperature Mdssbauer spectra of BaTi;_ Fe,O3_»
quenched from 1200°C and log fO, = —11 corresponding to the
indicated compositions. The top spectrum corresponds to a sample
30% enriched in *’Fe, while all others correspond to unenriched
samples. Subspectra are shaded as follows: singlet and doublet
octahedral Fe** (white); doublet pentahedral Fe** (black); second
doublet pentahedral Fe** (dark gray). Note the limited resolution for
determining the individual contributions to octahedral Fe** absorp-
tion—although the relative areas for singlet and doublet octahedral
Fe** vary significantly in the top two spectra, the shape of the overall
spectral envelopes is basically the same.

Fe’ ", compared to those where Fe* ™ occupies both sites
of the dimer. We consider it unlikely that the additional
doublet could correspond to tetrahedral Fe®*, since a
significant difference in center shift (greater than at least
0.02mm/s) would be expected on removal of a
coordinating oxygen.

4. Discussion

In Mossbauer spectroscopy, the relative area of a
subspectrum is related to the relative abundance of iron
on the corresponding crystallographic site, and to a first
approximation the two can be considered equal. The
relative area fractions can therefore be used to calculate
the relative abundance of Fe’" in the octahedral and
pentahedral sites, and show that the number of Fe
atoms on pentahedral sites is approximately equal to the
number of Fe atoms on octahedral sites up to iron
concentrations of x = 0.2 (Table 1).

For samples of BaTi;_,Fe,O;_y5» containing only
Fe’", and assuming that all Ti is present as Ti*", the
number of oxygen vacancies can be calculated directly
from the iron concentration based on electrostatic
neutrality. Fig. 3 shows a comparison of this value with
the one calculated from the Md&ssbauer data, based on
one half oxygen vacancy per pentahedral site. The 1:1
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Fig. 3. Site distribution of pentahedral sites in BaTi, ,Fe,O; ,»
quenched from 1200°C and log fO, = —11. Data points represent the
number of Fe’* cations occupying pentahedral sites per formula unit
(p.f.u.) as determined from the Mdssbauer data, where the difference
between data points and the 1:1 correlation gives the number of Ti*"
cations on pentahedral sites. The dotted line indicates the trend that
would be predicted for the Mossbauer data if Ti*" and Fe’" were
distributed equally over all cation sites.
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correlation line indicates the variation expected if
oxygen vacancies were only associated with Fe atoms.
In this case each oxygen vacancy would be associated
with two Fe atoms occupying both sites of an M2—-M?2
pair, and no Fe would substitute onto the M1 site. We
can rule out this possibility based on the systematic
offset of the data from this line in Fig. 3, and the degree
to which the data deviate from the 1:1 correlation
indicates the number of Ti atoms that are associated
with oxygen vacancies.

We can calculate the number of oxygen vacancies
associated with Fe and Ti based on a random
distribution of cations over available sites. For samples
with x<0.5, half of the pentahedral sites would be
occupied by Fe’* and half would be occupied by Ti*".
M?2 dimers containing an oxygen vacancy are considered
more likely to be Fe—Ti, rather than Ti-Ti or Fe-Fe. At
higher iron concentrations, however, there are insuffi-
cient Ti atoms available to balance Fe; hence Fe-Fe
pairs on the M2 site would become more common. This
variation is indicated by the dotted line in Fig. 3, where
Fe is associated with 50% of the pentahedral sites up to
x=0.5, but an increasing fraction at higher iron
concentrations. The dotted line appears to fit our
Moéssbauer data well, indicating that a random distribu-
tion of oxygen vacancies over Ol sites is consistent with
our data.

The actual distribution of Fe and Ti over M1 and M2
cation sites is more difficult to determine. In principle
the site distribution could be determined from the
relative area data, but since the singlet and doublet
assigned to octahedral Fe®" absorption overlap sig-
nificantly, the errors would be extremely large. There is a
possibility, however, to use the relative areas of
pentahedral and octahedral subspectra to infer some
qualitative aspects of the cation distribution over M1
and M2 sites. We consider two different cases where
oxygen vacancies are randomly distributed over Ol sites
as described above: (1) Fe and Ti are randomly
distributed over M1 and M2 sites (dotted line in Fig.
3); and (2) Fe substitutes on the M2 site only. At low
iron concentrations, both cases would give a similar
ratio for pentahedral to octahedral sites, since oxygen
vacancies are also low in concentration. At higher iron
concentrations, however, the chance of Fe—Fe pairs is
significantly greater when Fe substitutes on the M2 site
only, so that more oxygen vacancies are associated with
Fe atoms. For an iron concentration of x = 0.6, for
example, the number of oxygen vacancies associated
with Fe atoms for case (2) would be 0.27 per formula
unit (p.f.u.), compared to 0.17 p.f.u. for case (1). It is
clear that the latter value is more consistent with the
Méssbauer data (Fig. 3), and so we conclude that Fe
does substitute on the M1 site, and that a random
distribution of Fe and Ti atoms over the M1 and M2
sites is at least consistent with our data.

Our Mossbauer data do not support the presence of
tetrahedral Fe®". This is in contrast to the results
inferred  from  Rietveld refinements of 6H-
BaTig 33Feq ¢703_s synthesized at significantly higher
oxygen fugacities (in air and in flowing oxygen) [10]. A
portion of iron in the high vacancy sample (6~0.32
based on weight loss) was inferred to be tetrahedrally
coordinated based on differences in the z positional
parameter for the M2 site between neutron and X-ray
data, where Fe and Ti could be distinguished in neutron
data due to the opposite signs of their neutron scattering
lengths. Comparison of these results with the present
Mossbauer data suggests that the coordination of Fe* ™
(and hence the nature of oxygen vacancy ordering) may
depend on Fe*' /Fe®", since we observed that samples
with similar iron concentration synthesized in air always
contained observable Fe*™ (typically 1 of Fe) according
to Mossbauer spectroscopy. .

The distribution of oxygen vacancies in BaTi;_,
Fe,O;_s provides insight into its conductivity. Ionic
conductivity has been observed for samples in the
concentration range x = 0.1 to 0.5 [11], although the
magnitude is significantly less for equivalent composi-
tions and temperatures compared to CaTi;_ . Fe O;_s
[12] and SrTi;_,Fe, O3_s [13]. One possible factor is a
reduced mobility of oxygen ions in BaTi;_,Fe, O3_s,
since oxygen vacancies are essentially constrained to
two-dimensional movement along planes of Ol atoms.
In contrast, oxygen vacancies can move in three
dimensions at low iron concentrations within perovs-
kite-structured SrTi,_,Fe O;_s and CaTi,_ Fe, Os5_s;,
e.g. [8]. On the other hand, ionic conductivity generally
increases with increasing vacancy concentration in
SrTi;,_Fe, O3_s and BaTi;_,Fe, O5_s, but decreases in
CaTi;_,Fe, O;_; after reaching a maximum near x =
0.2 [12]. This can be attributed to the ordering of oxygen
vacancies in CaTi;_,Fe O;_s into chains and eventually
infinite planes, which dramatically reduces the mobility
of vacancies [8]. In contrast, the lack of vacancy
ordering in SrTi;_,Fe,Os;_s (x<0.8) and BaTi;_,
Fe,O;_s leads to an enhancement of ionic conductivity
with increasing concentration of oxygen vacancies. The
presence of tetrahedral Fe’" in BaTi,_Fe,O5_s [10],
which implies short-range ordering of vacancies within
planes of O1 atoms, would restrict the mobility of ionic
charge carriers. There may be conditions, therefore,
under which ionic conductivity is favored compared to
others, and a combined study incorporating Moéssbauer
spectroscopy and conductivity measurements could help
to identify those conditions.
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