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A combination of high-resolution electron microscopy and profile analysis of powder neutron data has 
been used to determine the structure of the perovskite-related phase IZHBaCoQ,,. The structure is 
based on a 12-layer stacking sequence (ccchhhk (space group P6,/mmc). The oxygen vacancies were 
found to be nonrandom and are introduced by the replacement of some BaO, layers by BaO, layers of 
the type found in Ba,V,Os. 

Introduction 

The anion-deficient perovskite-related 
phasesABOsez (A = Ca, Sr, Ba; B = Mn, 
Fe, Co, Ni) have structures based on close- 
packed AOs layers with B cations in octahe- 
dral interstices. Relationships between the 
ranges of nonstoichiometry of these phases 
and the stacking sequences adopted are 
complex. For example, in the system 
Bar-,Sr,,MnO,-, seven oxygen-deficient 
phases are found whose stability depends 
on the values of both x and y (I). Structural 
studies of 4H(Ba,Sr)MnOs-z (2) and 
6HBaFeO,-, (3) by neutron diffraction 
have shown that the oxygen vacancy distri- 
bution in these compounds is related to a 
preference to adopt trigonal bipyramidal 
coordination for Mn3+ and tetrahedral coor- 
dination for Fe3+. The site preference of the 
reduced cation in part determines the stack- 
ing sequence. Here we report an extension 

of this work to the system BaCoO,-,. The 
reduced cation in this case, Co3+(d6), has a 
strong site preference for octahedral coor- 
dination but the higher oxidation state 
Co4+(d5) is found in both octahedral and 
tetrahedral sites. Phase relationships for 
BaCo03-, have been investigated by sev- 
eral authors. Zanne et al. (4) prepared 
compounds at 905°C at different partial 
oxygen pressures and identified 
2HBaCoO,-, (2.85 < 3 -x < 3.0), 7H (2.52 
-=c 3 -x -=c 2.575), 12H (2.43 < 3-x < 2.49), 
15H (2.10 < 3 -x < 2.23), an orthorhombic 
phase BaCoO,,, and BaCoO,. All are per- 
voskite related except BaCoO* and apart 
from the 2H phase have unknown struc- 
tures. The starting material used was pre- 
pared at 1200°C but similar results were 
obtained with material prepared at 900°C 
except for 2H which showed a monoclinic 
supercell possibly as a consequence of 
long-range ordering. Negas and Roth (5) 
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investigated BaCoO,-, in air as a function 
of temperature and observed only the 2H 
compound below 890°C. Between 890 and 
925°C a slow transformation of 2H to 12H 
occurred and above 925°C an orthorhombic 
phase was formed with a powder pattern 
similar to that reported for BaCoOz,,, (4). 
Negas and Roth also found a sharp discon- 
tinuity in the 2H lattice parameters at 740°C 
and some evidence for a superstructure 
between 740 and 890°C. Greaves (6) stud- 
ied BaCoO,-, as a function of pO, and 
found evidence for the existence of sev- 
eral ordered intermediates with large 
orthorhombic supercells of 2H. His results 
confirm the existence of the 12H structure. 

At this time, the detailed phase relation- 
ships with respect to oxygen nonstoi- 
chiometry, vacancy ordering, and structure 
are not fully understood. However, the 
existence of the 12H phase is well estab- 
lished and a detailed structural study of this 
compound should give some insight into the 
structural principles involved in the reduc- 
tion of BaCoOs. Single crystals of 
12BaCoO,-, have not been prepared, 
partly because of its narrow range of stabil- 
ity in air and also because the 2H to 12H 
transformation is slow. There are 42 possi- 
ble hexagonal stacking sequences of 12 
close-packed layers and consequently the 
determination of the structure from powder 
diffraction data would involve much com- 
putation. 

We have recently shown (7, 8) that high- 
resolution electron microscopy can be di- 
rectly correlated with stacking sequences in 
perovskite-related compounds. This tech- 
nique has been used to obtain a trial solu- 
tion for further structural analysis of pow- 
der neutron diffraction data. A preliminary 
account of this work has been given (9). 

Experimental 

Sample Preparation 

A stoichiometric mixture of BaCO, and 

Co,O, (Johnson Matthey “Specpure” 
Chemicals) was hand mixed in an agate 
mortar and then fired in a platinum crucible 
at 905°C in air. A Philips X-ray diffractome- 
ter with monochromated CuKa radiation 
was used to follow the progress of the 
reaction. After three initial firings and two 
intermediate regrinds, there was no un- 
reacted BaCO, and the BaCoO,-, phase 
present was predominately 2H; the stron- 
gest lines of the 12H phase (1Oi7) and (1120) 
could just be detected. The sample was 
then annealed for a total of 90 days to effect 
the slow 2H to 12H conversion. The sample 
was periodically quenched and the progress 
of the reaction monitored by X-ray diffrac- 
tion. After 90 days a small amount of 2H 
remained but further annealing produced 
no further conversion, suggesting that some 
transformation back to 2H was occurring 
during the time taken to quench the large 
(25 g) sample necessary for the neutron 
diffraction experiment. The amount of 2H 
phase present was estimated from the neu- 
tron data (see below). The mean cobalt 
oxidation state was determined by adding 
the solid material to HCl containing an 
excess of KI and titrating the liberated I, 
with Na&O,. The composition was found 
to be BaCo02.61(4). 

Electron Microscopy 

Lattice images of thin crystals mounted 
on carbon-coated Cu grids were obtained 
with a Siemens Elmiskop 102 electron mi- 
croscope. The accelerating voltage was 100 
keV and images were obtained at 
magnifications of 500,000 x with a 40-pm 
objective aperture which included beams 
out to 0.3 A-l. The electron beam was 
along (lOi0). The projections of several 12- 
layer sequences were compared with the 
lattice image shown in Fig. 1 and the best 
correlation was found to be with (ccchhh), 
or in Zhadanov notation (10) 11(4)111(4)1/. 
An idealized projection of this sequence is 
shown inset in Fig. 1. 
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FIG. 1. Lattice image of BaCoOp.61 with the elec- 
tron beam alongc(lOi0). 

Neutron Diflraction 

Neutron diffraction data were collected 
at 4.2 K on a powder diffractometer at 
UKAEA Harwell with a wavelength of 
1.5423 8, from the (511) planes of a Ge 
monochromator with a takeoff angle of 90”. 
The counter was stepped at 0.02” and accu- 
mulated counts printed at 0.1” intervals 
over the angular range 7” < 20 < 85”. The 
sample was contained in a thin-walled 16- 
mm-diameter vanadium can in a vanadium- 
tailed cryostat. 

The structure was relined by the profile 
analysis method (1 I ) with starting positions 
corresponding to the sequence (ccchhhh 
deduced from the lattice image. The space 
group is P6Jmmc and the scattering 
lengths used were b,, = 0.52 x lO-12 cm, 
bO = 0.58 x 1O-i2 cm (12), and b,, = 
0.252 x lo-‘* cm (13). Background con- 
tributions were estimated and an overall 
isotropic temperature factor was as- 
sumed. The distribution of oxygen vacan- 
cies was initially taken to be random. 

Refinement of all parameters except the 
oxygen occupation numbers gave a high R 
value. When the oxygen occupation num- 
bers were included the R value improved 
somewhat but was still unacceptably high 
(R profile, 32.8%; R expected, 10.4%) and 

the 0 atom occupancy in the central cubic 
layer O(1) refined to zero. Further re- 
finement of all occupancies with a fixed 
scale factor revealed a major discrepancy 
for only 0( 1) and not Ba(1) in the same 
layer. It seemed likely that the stacking 
sequence was correct in that the oxygen 
vacancy distribution was nonrandom. The 
O(1) atoms initially in 6g positions were 
consequently started in 4f The change in 
O(1) from 6g to 4f positions gives Co( 1) 
tetrahedral rather than octahedral coordi- 
nation. The refinement with this adjustment 
in the starting positions led to a profile R 
factor of 20.3% and plausible values for all 
the oxygen occupation numbers. A number 
of small discrepancies, however, still re- 
mained in the difference of the observed 
and calculated profiles. The origin of most 
of these was clearly the presence of the 
small amount of 2H known to be present 
from the X-ray diffraction data. The 
amount of 2H was estimated to be 7% from 
a calculation of the profile and the observed 
intensities of the 2H (2021), (lOi2), and 
(2240) reflections. The parameters for the 
2H structure used for the calculated profile 
were taken from Ref. (14). Three small 
regions in the profile corresponding to the 
strongest 2H reflections were excluded in 
subsequent refinements. 

The small discrepancies in the intensities 
on three low-angle reflections were consid- 
ered to be most likely magnetic in origin. 
With this assumption various models for a 
magnetic structure were investigated with 
spin directions parallel and perpendicular 
to the c axis and different combinations of 
ferromagnetic and antiferromagnetic cou- 
pling between layers. Since no reflections 
were observed which could not be indexed 
on the chemical cell, the magnetic unit cell 
was assumed identical. The limited number 
of observations of magnetic reflections and 
their low intensities made a precise deter- 
mination of the magnetic structure impos- 
sible. It was found, however, that the inten- 
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sities of the (lOi3) and (1015) reflections 
could only be reproduced with a model in- 
volving ferromagnetic coupling of the Co 
(1) sites. All models with ferromagnetic 
coupling of these cobalt atoms gave a value 
for gS close to 3.2 and small values for 
moments on the other cobalt sites, typical 
gS = 1. Models with the Co(l) atoms 
coupled antiferromagnetically gave sub- 
stantially higher profile R factors and clear 
discrepancies in the difference profile. The 
tinal refinement of the data with the best 
model for the magnetic structure is shown 
in Fig. 2. In this refinement the spin direc- 
tion was along the c axis and the R factors 
were R (profile) = 15.9%, R (expected) = 
10.4%, R (nuclear intensities) = 6.8%, and 
R (magnetic intensities) = 18.2%. The high 
R factor for the magnetic intensities is 
indicative of the uncertainty in the mag- 
netic structure. It is important to note that 
the atom positions are not significantly 
influenced by this uncertainty since the 
magnetic peaks fall off rapidly in intensity 
with increasing sin B/h and are weak even 
at low angle. Atom positions and oxygen 
occupation numbers, for example, agree 
within one standard deviation for models 
with the spin direction parallel and perpen- 
dicular to the c axis. Atom positions and 
occupation numbers are given in Table I; 

FIG. 2. Powder neutron diffraction prolile for Ba 

cae at 4.2 K. Small circles are the experimental 
points, and the continuous line passes through the 
calculated points. The small vertical lines mark the 
positions of the Bragg reflections and the bottom trace 
is the difference profile. 

TABLE I 

ATOM POSITIONS AND OCCUPATION NUMBERS FOR 

BaCoOz., 

Atom Pas. .r Y  z N 

Ba( I) 20 0 0 0 0.5 

Ba(2) 4f 3 4 0.0950(5) 1.0 

Ba(3) 4f f f 0.1758(4) 1.0 

Ba(4) ?d 3 t a 0.5 
CO(l) 4f t 4 0.0581(8) 1.0 

Co(2) 4e 0 0 0.1226!11) 1.0 

Co(3) 4e 0 0 0.2072(13) I.0 
O(I) 4f t 3 -0.0042(5) 0.88(3) 

O(2) IZk 0.1647(13) 0.3294(26) 0.0811(3) 2.81(6) 

O(3) I?h 0.8572(9) 0.7144(18) 0.1663(4) 2.75(7) 
O(4) 6h 0.1513(15) 0.3026(29) f 1.53(4) 

Note. a = 5.671(l), 28.54X6) A. 

the final parameter shifts were less than 
0.3~. The refined lattice parameters were a 
= 5.761 (1) 8, and c = 28.545 (6) A. Inter- 
atomic distances and angles are given in 
Table II. Cobalt has a much smaller scatter- 
ing length than either barium or oxygen and 
consequently the cobalt positions are the 
least well determined. This is reflected in 
greater errors in the Co-O and Co-Co 
distances. 

TABLE II 
BOND DISTANCES AND ANGLES IN BaCoOz., 

Ba( I)-0( 1) 
Ba( 1)-O(2) 
BaCWW) 
Ba(2)-O(3) 
Ba(WO(2) 
Ba(3)-O(3) 
Ba(3)-O(4) 
BaW-W) 
BW-OW 
O( 1) -O(2) 
O(2) -o(2) 
O(2) -O(3) 
O(2) -O(2) 

3.276(4) 
3.815(5) 
2X4(5) 
2.767(4) 
3.176(6) 
2.858(S) 
2.766(7) 
3.034(3) 
2.839(6) 
2.952(7) 
2.770(8) 
2.866(6) 
2.901(8) 

Co(l)-O(1) 
Co(l)-O(2) 
Co(2)-O(2) 
WWX3) 
Co(3)-O(3) 
Co(3)-O(4) 
CO(~)-CO(~) 
Co(3)-Co(3) 
O(3) -O(3) 
O(3) -O(3) 
O(3) -O(4) 
O(4) -O(4) 
O(4) -O(4) 

1.778(15) 
1.797(15) 
1.978( 17) 
1.890(17) 
1.828(21) 
1.923(21) 
2.453(20) 
2.407(22) 
3.253(4) 
2.418(6) 
2.790(7) 
2.598(9) 
3.073(8) 

O(l)-Co(l)-O(2) 111.3 O(3)-Co(3)-O(3) 82.8 
O(2)-Co( 1)-O(2) 107.6 O(3)-Co(3)-0(4) 96.1 
0(2)-Co(2)-O(3) 95.6 0(4X0(3)-O(4) 85.0 
O(3)-CO(~)-O(3) 79.6 
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FIG. 3. Arrangement of b&urns and oxygens in 
BaOs and BaO, layers. 

Discussion 

The structure of 12HBaCo0,,S, is based 
on the BaO, stacking sequence (ccchhh), 
but one-sixth of the BaO, layers are re- 
placed by BaO, layers (Fig. 3). As a conse- 
quence of this ordered arrangement of va- 
cancies one-third of the cobalt atoms are 
tetrahedrally coordinated by oxygen. The 
COO, tetrahedra are corner joined to 
strings of four face-shared octahedra con- 
taining the remaining cobalt ions (see Fig. 
4). If it is assumed that the tetrahedral 
sites contain only cobalt(IV) and the oc- 
tahedral sites only cobalt(III), then the 
ideal composition is BaCoO,.,,, in agree- 
ment with the composition determined by 
chemical analysis, BaCo02.61(4), and by 
refinement of the oxygen, site occupan- 
cies, BaCoO,,,,,,,. However, the introduc- 
tion of only two BaO, layers into the 12- 
layer structure provides too few oxygen 
vacancies and additional vacancies must 
be accommodated in BaO, layers. The re- 
quired composition of the BaOS layers is 

Ba%. Vacancy concentrations on this 
level can be tolerated in face-shared octa- 
hedra in the BaCoO,-, system as evi- 
denced by the formation of 2HBaCoOS-,r 
with 2.85 < 3 - x < 3.0 at 900°C (4). 

Occupation of the tetrahedral sites by 
Co(IV) is supported by a comparison of 
the measured bond distances with those 
for other tetrahedral Co(IV) systems. The 
average tetrahedral Co-O distance in 
12HBaCo02.81 is 1.79 A which may be 
compared with average values of 1.78 and 
1.81 A for Ba&oO, (15, 17) and Na&oO, 
(16), respectively. The average octahe- 
dral Co-O distance is 1.90 A, although 
there are appreciable variations from oc- 
tahedron to octahedron (1.83-1.98A). 
Co(III)-0 bond distances from ionic radii 
(18) are predicted to be 1.895 and 1.96 A 
for low- and high-spin Co(III), d6, respec- 
tively, in reasonable agreement. The Co- 
0 distance found from the single-crystal 

FIG. 4. Idealized (1120) projection of the structure of 
BaCo02.61; Ba, l ; COO, tetrahedrar; Coo6 octahedra 
fl 
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X-ray diffraction study of 2HBaCo0, (14) 
is somewhat shorter, 1.87 A, but the ex- 
act composition of this crystal is not 
known. 

The local cobalt environments are shown 
in Fig. 5. The CO(~)-O(2) distance is appar- 
ently lengthened to compensate for the 
short Co(l)-O(2) distance in the COO, tet- 
rahedron. The CO(~)-CO(~) distance is 
longer than the CO(~)-CO(~) distance, sug- 
gesting a relaxation of the terminal cobalts 
in the face-shared string to minimize Co- 
Co electrostatic repulsions across the 
shared octahedral face. Co-Co repulsions 
are further screened by the three face- 
shared oxygens which form short O-O dis- 
tances. Short O-O distances are usually 
observed in ABO+, systems with hexago- 
nal stacking, for example, 2.511 A in 2HBa 
COO, (14), 2.448 A in 6HBaFeO,.,, (3), and 
2.507 8, in 8HBaMn0, (19). 

O(3) 

O(4) 

O(3) 

O(2) 

FIG. 5. Co environment in BaCoO,,, 

The replacement of BaO, by BaO, layers 
leading to tetrahedral cation coordination is 
not unique to 12HBaCoO,,,. Longo and 
Clavenna (20) have pointed out that mixed 
metal oxides A,B,O, with the palmierite 
structure can be similarly described. In 
these structures the B cation is always 
tetrahedrally coordinated and the structure 
is closely related to 9RBaRu03. One-third 
of the BaO, layers in BaRuO, become BaO, 
layers, and the BaOz layers convert the 
terminal octahedra of the string of three 
face-shared octahedra to tetrahedra con- 
taining the B cation; the central octahedral 
site is vacant. The palmierite and 12HBa 
co%3 structures both provide ways of 
accommodating cations with a strong site 
preference for tetrahedral coordination 
while largely maintaining the high lattice 
energy of a nearly close-packed AO, frame- 
work. 
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