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The crystal structures of most barium titanates can be described as hexagonal closest packings consis-
ting of atoms of Ba and O and of vacancies between them. The pseudohexagonal cell constants of these
compounds are close to the ideal hexagonal values. The most common stacking is the six-layer
sequence (hcc),. The mean diameter of a closest packed particle in these packings is 2.85 A, while the
mean thickness of a layer is 2.33 A. The recognition of this closest packing principle has been helpful in
the solution of many of the crystal structures of this group. With the exception of BaTi,O,, all the
barium titanates which are usually classified as tunnel structures or Wadsley-Andersson phases can be
described as cubic closest packings. The deviations of the pseudocubic phases from the ideal cubic
values are larger than in the pseudohexagonal cases. A few of the barium titanates are related to the so-
called 3.0-A phases based on the rutile-type octahedral chain. These structures are characterized by
having two almost closest packed corrugated layers at right angles to each other. The structures of a
number of compounds in which the Ti** atoms are replaced partly by Ti**, Al, Pt**, or Li are based on
principles similar to those of the barium titanates proper. The mean Ti—O distances in the coordination

octahedra of the barium titanates depend strongly on the distortions of the octahedra.

Press, Inc.

Introduction

Some of the chemical compounds in the
system BaO-TiO, are of importance in ma-
terials science because they have interest-
ing properties, such as ferroelectricity, or
else they have attractive dielectric proper-
ties at microwave frequencies. For the
same reasons they are interesting to study
from the standpoint of basic research: they
give a chance to correlate crystalline struc-
ture with physical properties. In the last 35
years many papers have appeared in which
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measurements of their physical properties,
their phase relations, and their crystal
structures have been reported.

The subsolidus phase relations in the sys-
tem BaTiO;-TiO, were studied by Statton
(I) and by Rase and Roy (2), while the
phase equilibria in the TiO,-rich part of the
system were investigated by Negas et al.
(3) and by O’Bryan and Thomson (¢). With
the determination of the crystal structure of
Ba,TiyO4 (5), all the structures of the sta-
ble compounds in the system BaO-TiO, are
known: Ba,TiO; (6, 7), cubic BaTiO; (8),
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hexagonal BaTiOs (9) (however it is doubt-
ful that hexagonal BaTiO; can be prepared
without stabilization by the addition of
small amounts of other octahedral cations,
for instance, Pt, see (10)), BagTi;;O4 (11,
12), Ba,Ti305 (13), BaTiyO9 (12, 14, 15),
Ba,TisOy (5), and rutile (TiO, (16, 17)). In
addition, the structures of several barium
titanates which are metastable or occur as
intermediate reaction products have been
solved: BaTi,Os (18), BaTisO,, (19), and
BaTicO; (20). For comparative purposes
we have also included data for brookite (21,
22), anatase (23), TiO,-II (a high pressure
modification of the a-PbO, type, see (24))
and TiO,(B) (a 4.0-A tunnel structure type,
see (25)). The crystal structure of TiO,(B)
has not been refined; however, it is known
to be isostructural to the corresponding va-
nadium compound, VO,(B) (26). Other
compounds reported to exist are Ba,Ti;0q
(27) and BaTi;O; (28). Most likely the
former actually was tetragonal BaTiO; and
the latter Ba,Ti;304; however, the corre-
sponding lead compound (PbTi;O;) has
been structurally characterized (29). The
composition Ba,Tis;O,, was reported by
Jonker and Kwestroo (30) to occur in this
system. They probably observed the Bag
Ti;7049 compound, but did not assign the
correct composition to it (3).

Some compounds exhibit slight chemical
variations when compared with the barium
titanates, even though their structural char-
acteristics are similar to them. In some of
them the Ti positions are partly vacant (Ba,
Ti5.5013 (31) and BazTig_zsLi3022 (32)), in
others the Ti** atoms are partly substituted
by formally trivalent atoms such as Ti** or
Al (BazTi%+Ti2+0|3 (33), BaTig*Ti%“LOls
(34), and BaTi;0Al, Oy (35)), in others the
octahedral sites are partially occupied by
other tetravalent elements such as Pt (as in
Ba(Ti,Pt)O; and Bay(Ti,Pt),PtOy (10)), or
else there are additional octahedral cations
present as in Ba,Tig 25Li:02 (32).

Most of the barium titanates can be de-

scribed as closest packings of Ba and O at-
oms, in which some of the octahedral Og
interstices are occupied by Ti atoms. All
the barium titanates can also be described
as variously connected assemblages of TiOg
octahedra. Such descriptions are most use-
ful either when we follow a scheme in
which the long axes of the octahedra are
emphasized (the 4.0-A axes, as in the
Wadsley—Andersson-type phases, also
called tunnel structures) or when we stress
the columns of edge-shared octahedra with
an identity period of 3.0 A as they are
known from rutile and similar structures
(the 3.0-A-type structures).

This work is limited to compounds in the
BaTiO;-TiO, system (i.e., the ratio Ba/Ti is
less than 1); thus Ba,TiO4 and BaO are not
covered. But we included compounds in
which Ti** is partly replaced by vacancies,
Pt, Al, or Ti**, as long as they are based on
the same principles as the barium titanates.
For all of these compounds crystal data and
references are given in Table 1.

Coordination Numbers and Polyhedral
Shapes

Titanium occurs in octahedral 6-coordi-
nation against oxygen in all barium tita-
nates except in Ba,TiO4 where it is 4-coor-
dinated. Five-coordinated Ti has been
observed (36), but not in any barium tita-
nate.

The Ba atoms are surrounded by 10 to 12
O atoms. When in 12-coordination the oxy-
gen atoms are arranged on the vertices of a
cuboctahedron or of a hexagonally 12-coor-
dinated polyhedron, depending on the loca-
tion of the Ba atom in the center of a closest
packed sequence which is either cubic
(ABC or ¢) or hexagonal (ABA or h). The
most common coordination of barium in
these compounds is an 11-coordination gen-
erated by an oxygen vacancy in one of the
cubic closest packed oxygen atom sites,
that is, one of the vertices of the cuboctahe-
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dron is removed. In Bay(Ti,Pt),PtO,, the 11-
coordination is formed by removing one
edge from a hexagonal 12-coordination and
replacing it at its midpoint by a vertex. Nei-
ther of these 11-coordinations corresponds
to the I1l-coordinated equivalent packing
observed in rutile and related compounds
(17). Ten-coordination occurs only twice:
in the case of BaTi Oy as a distorted pentag-
onal prism, and in Bay(Ti,Pt),PtO,, as a
hexagonal 12-coordination with an edge re-
moved.

The O atoms are coordinated by three to
six cations with the mean coordination
number increasing in individual barium tita-
nates as the Ba: Ti ratio increases (Fig. 1).
Two-coordinated oxygen occurs only in
TiO,(B) (25). The mean cation coordina-
tion number of all 166 crystallographically
unique oxygen atoms in the sample is 4.11.
Each oxygen atom can be coordinated by
one to four Ti atoms and can have between
zero and five Ba contacts. Extreme values
are rare: the only case of an oxygen atom
with five Ba neighbors occurs in
Ba4(Ti,Pt)2Pt010 .

Polyhedral Connections

Since the ratio of O atoms to octahedrally
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Fi1G. 1. Histogram of the coordination numbers of
the oxygen atoms in the barium titanates and TiO,
polymorphs.

coordinated cations ranges from 3.33 to
2.00 (Table I) we must expect widespread
sharing of octahedral elements between the
coordination octahedra in these com-
pounds. Only if the ratio were equal to or
greater than 6 could we expect isolated oc-
tahedra. Complete octahedral stuffings of
cubic and hexagonal closest packings have
differently connected coordination octahe-
dra: in the NaCl type there are three shared
corners and six shared edges per asymmet-
ric unit, while in the NiAs type there are six
shared corners, three shared edges, and
one shared face. Shared octahedral faces
cannot occur in barium titanates derived
from cubic closest packing. Moreover, they
are also rare in those compounds which
contain hexagonal sequences. There is one
shared octahedral face per asymmetric unit
in Ba6Ti17O40, BaTi6013 , Ba4Ti10A12027,
Ba(Ti,Pt)O;, and Bay(Ti,Pt),PtO,s. This list
includes the two Pt-containing compounds
in our sample. Apparently the barium tita-
nates proper avoid shared octahedral faces.
In contrast shared octahedral faces are the
rule in the hexagonal perovskite variants of
other transition elements: BaNiO; (37),
BaCrO; (38), and many more. This face
sharing is quite common for Pt**-containing
compounds (39); thus it is not surprising
that Ba(Ti,Pt)O; and Bay(Ti,Pt),PtO,, dis-
play shared octahedral faces.

The polyhedra around the Ba atoms
share vertices, edges, and faces with each
other, much as the TiO¢ octahedra do. The
most interesting relationship occurs when a
space is available between two cuboctahe-
drally coordinated Ba atoms for a closest
packed oxygen atom. An O atom here
would provide a common corner between
the Ba cuboctahedra, but in fact it is absent.
Consequently there are two 11-coordinated
Ba atoms present for each vacant oxygen
atom site. The Ba-Ba distance is then
about 5.0 A, much shorter than the approxi-
mately 6.0 A observed when there is a com-
mon corner.
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Interatomic distances

The mean Ba-0O bond lengths in the vari-
ous Ba coordination polyhedra do not show
a clear dependence on coordination num-
ber. The mean value of this distance Ba-O
for 24 BaO,y, BaOy, and BaO,, polyhedra
is 2.915 A (this omits BaTisALO;s and
BaTi¢*Ti3*Oys, where the Ba positions
are half occupied). The mean distances
range from 2.84 to 2.97 ;\; the individual
distances Ba~O range from 2.65 to 3.35 A
(see Figs. 2 and 3).

The mean of 58 average octahedral Ti** -
O distances is 1.976 A in the 10 Ba tita-
nates. This is longer than the mean Ti-O
distance of 1.958 A found in the four refined
TiO, modifications. The range of all 62 dis-
tances is from 1.942 to 2.020 A (Fig. 4). The
lengthening of the mean distances is most
likely due to polyhedral distortion as dis-
cussed for the cases of octahedral Nb>*-O
and Mo®" -0 by Shannon (40). Octahedral
distortion is defined as (40):

A = 1/6Z((R; — Rw)/Rn)? )]

where R; is an individual cation-oxygen
distance and R, is a mean cation-oxygen
distance in an octahedron. In addition the
bond lengths around the Ti atoms in our
sample are influenced by statistical occupa-
tions of the Ti sites by vacancies, Ti**, Al,
or Pt. We increased our sample of mean
octahedral Ti-O distances from the barium
titanates by using the mean Ti—O bond
lengths of the TiO, polymorphs, PbTi;O;

N
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Fi1G. 2. Histogram of the mean Ba—Q distances in
the barium titanates.
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F1G. 3. Histogram of the individual Ba~Q distances
in the barium titanates.

(29), NalGTil()Ozg (42), (Y,TR),;(F,OH)G
TiO[SiO4], (43), and K,TisO;3 (44) as well
as those from several mixed Ti3*, Ti** ox-
ides, namely, Ti,O; (¢5), TizOs (46), Ti,O4
47), TisOg 48), and Ti,0,,_, 4 =n <9)
(49, 50). The distortion indices A and the
Ti’* and vacancy contents of the octahedral
sites can be used as independent variables
in a regression calculation, which gives us
estimates for the mean octahedral bond
lengths to the O atoms around the Ti sites.
This equation can be used to predict (Ti~
O)mean distances for different A values, va-
cancy (Vac), and Ti** contents of the coor-
dination octahedra:

(Ti—O)mean = [1.962(2) + 4.73(44)A
+ 0.077(5)Ti3* + 0.195(33)Vac] A. (2)

i

T T Tl
1.85 2.00 2.05 2.10
a(T1-0) Al

1.90

N/D(TI-0) (T14+.MEAN)

Fi1G. 4. Histogram of the mean Ti-O distances in the
barium titanates and the modifications of TiO,.
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The number and the quality of the bond
length data involving statistical occupations
by Pt and Al did not allow their inclusion
in the regression calculations. Equation (2)
explains 67% of the variation in the
145 mean Ti~O bond lengths used in the re-
gression, with a mean deviation between
observation and estimate of 0.009 A.
The independent variables are significant
contributors at the 99.99% level (Fig. 5).
The intercept indicates that a pure Ti** in
octahedral coordination in an undistorted
oxygen atom environment should have a
(Ti=O)mean Value of 1.962 A. The radii of
Ti** and Ti3* in octahedral coordination are
given as 0.605 and 0.670 A, respectively
(40). The difference of 0.065 A is similar to

2.044
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1.984

1.964

1.94 4

1.98 200 202 204

predicted (Ti-0)pean (B —

FIG. 5. Scatter plot of mean Ti-O distances in the
barium titanates and the TiO, polymorphs versus the
predicted mean distances Ti—-O calculated from the
regression equation including the dependence on dis-
tortion and Ti3* and vacancy contents. The line is the
45° line on which the points should fall if the agreement
were perfect. Single points are shown as open circles;
multiple, unresolved points as filled circles. The same
convention is used in Figs. 7, 8, and 16.
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Fi1G. 6. Histogram of the individual Ti—O distances
in the barinm titanates and the TiO, modifications.

the slope of 0.077 for the Ti** content that
we observed. The slope of the vacancy
(partial occupancy) contribution is positive,
as observed by Shannon (40) for partial oc-
cupancies by Li, Na, and Ag ions.

The large spread in individual Ti-O dis-
tances (from 1.723 to 2.465 A, see Fig. 6) is
explainable largely by the differences in
bond strengths (51) received by the O at-
oms. As shown before (52) bond lengths in
ionic or partly ionic structures can be pre-
dicted by empirical relations of the form

d(A-X)ing. = [d(A=X)ean + bAPX)IA, (3)

where d(A—X)ycan and b are empirically de-
rived values for the mean bond lengths and
the slopes of the dependence of the individ-
ual bond lengths d(A—X)ya. on p(X) for
given pairs of A and X in a given coordina-
tion. Here Ap(X) is the difference between
the individual p(X) and the mean p(X) for
the coordination polyhedron:

Ap(X) = p(X)ing. = PX)mean. (4

A regression calculation using 354 (Ti-
O)ing. from the barium titanates and the
TiO, polymorphs gave

(Ti—O)ina.
= [1.973(4) + 0.260(14)Ap(0)] A. (5)

This equation explains 47% of the variation
in (Ti-0O)na. and variable b is significant at
the 99.99% level (Fig. 7). The values given
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FiG. 7. Scatter plot of the individual Ti-O distances
against bond strength deviations. The regression line
has been entered.

here for the intercept and the slope are
more reliable than those given before (53).

The agreement between observation and
prediction is better (> = 0.86) if we use the
averages of the Ti—O bond lengths around
each individual oxygen atom in a regression
calculation on p(O) itself instead of using
the individual Ti—O distances (Fig. 8):

(O—Ti)mean
= [1.484(19) + 0.236(9)p(0)] A. (6)

The slopes in Eqgs. (5) and (6) are equal
within two pooled estimated standard devi-
ations.

In the method of Brown and Shannon
(54) one does not look at individual bond
lengths as in Eq. (5), but compares the
sums of bond strengths at both cation and
anion sites. Therefore one would expect
that these summations would give very
good fits. In their method relationships of
the form

s = (RIR)™N )]

are used, where bond strength s, bond
length R, Ry, and N are fitted parameters.
The sum of the bond strengths around each
ion should result in a value equal to the
valence of the ion. However, even when
using the improved parameter values of Wu
and Brown (7) and Brown and Wu (55) the
fit for the Ba titanates is poor. The bond
strength sums around oxygen vary from
1.77 to 2.42 (instead of 2), around Ba from
2.03 to 2.32 (instead of 2), and around Ti
from 4.01 to 4.75 (instead of 4). Apparently
the reasonable fit observed for many other
structures does not hold true for the barium
titanates.

Close-Packed Arrangements of Ba and O
Atoms

The group of barium titanates in which
the closest packing of Ba and O atoms is

—

&)

mean

observed (O-Ti)

1.0 14 18 22 = 26 30
p (0)

(valence units) —_—

FiG. 8. Scatter plot of the mean O-Ti distances
against predicted mean distances based on the depen-
dence on bond strengths. The regression line is en-
tered.
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most clearly evident comprises the crystal
structures of BagTi704, BasTiALOy,
BasTi303, Ba;TigsLizOn, BaTigOy,
BaTi;Oy,, BaTicO,3, and both modifications
of BaTiO;. This structural feature is often
reflected in the macroscopic shape of the
crystals which in the case of hexagonal
BaTi03 . Ba(,Ti1704() , BaTi5O”, and BaTi6013
grow as plates parallel to the closest packed
layers. With the exception of BaTisOg,
however, the TiOg octahedra in all the other
barium titanate structures are also oriented
with at least one pair of their faces parallel
to each other, so that they too can be repre-
sented by closest packed layers of Baand O
atoms, as shown in Fig. 9 for BaTis ;0.
However, even in BaTi4Oy a close relation-
ship to this principle has been shown by
Hervieu et al. (56). They describe the
orthorhombic structure of BaTi;Oy as a hy-
pothetical twin of two monoclinic individ-
uals containing TiOg octahedra with parallel
faces. The observed and the hypothetical
structures of BaTisOs are juxtaposed in
Figs. 10 and 11. Table II gives pseudohex-
agonal and, where applicable, pseudocubic
unit cells for the barium titanates. The
pseudo character of these cells is expressed
in their conforming to either cubic or hex-

FiG. 9. Projection of the crystal structure of Ba,
Tis sOy; parallel to one of the four pseudocubic closest
packed directions. The like orientation of all the coor-
dination polyhedra is clearly visible.

F1G. 10. Projection of BaTi,O, parallel to [010]. This
is the only structure among the barium titanates which
cannot be described as a closest packing of barium and
oxygen atoms, because the coordination octahedra
around the titanium atoms are not oriented parallel to
each other. The circles represent the barium atoms.

agonal closest packing patterns as long as
we regard oxygen atoms, barium atoms,
and vacancies in the closest packings as
equivalent to each other. Once they are dis-
tinguished and some of the octahedral inter-

FiG. 11. Projection of the hypothetical BaTiO,
structure parallel to [010]. All titanium coordination
octahedra are parallel to each other. This structure is
pseudocubic.
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TABLE I

PSEUDOHEXAGONAL AND PseupocuBic CELLS OF CLOSEST PACKED AND WADSLEY-ANDERSSON-TYPE
BARIUM TITANATE PHASES

Pseudocell in terms Number of  Stacking Diam. Layer
Compound of original cell layers sequence a b c a B y atom width
Ba(Ti,Pt)O3 100/010/001 6 (hce)r 5.72 5.72 14.02 9% 90 120 2.86 2.34
BaTiO; 1-10/-101/111 3 (ch 5.67 5.67 6.94 90 90 120 2.84 2.32
BagTi 7040 1.5-050/010/103 24 (hech)g 17.12 17.10 56.11 90 88.9 120.0 2.85 2.34
BayTi;3030 100/-05150/001 6 (heehr 17.06  17.08 14.05 90 90 120.0 2.84 2.34
Ba;TigO2 003/50-2/-290 54 (hhc)ig 43.03 42712 126.16  90.3 91.2 120.7 2.86 2.34
Ba;Tig 2sLi302 110/-200/001 6 (hee)y 11.50 11.62 14.03 90 90 120.3 2.89 2.34
BaTisOyy -30-1/103/010 6 (hee)r 23.15 2275 1402 9% 90 119.9 2.87 2.34
BaTigO13 103/20-1/~-141 16 (h)s 19.87 19.74 37.23 B89.6 885 1189 2.83 233
TiO,-11 0-12/020/100 2 (h)y 11.30 1099 452 %0 90 119.1 2.79 2.26
Brookite 0-12/020/100 4 (he)r 1163 10.90 917 90 90 117.9 2.82 2.29
Anatase 2-20/-201/221 6 (©)s 1070  12.16 1432 79.0 90 116.1 2.86 2.39
BaTi;0s 401/090/-102 27 (©)27 37.61 3539 37.09 9% 91.4 90 2.88 235
Ba;,Tis sO13 202/080/-103 24 (©) 3294 3114 33.13 90 92.4 9% 2.86 2.34
Ba;Ti3 ' Tij* O3 202/080/-103 24 ©)n 32.84 31.62 3289 %0 91.6 90 2.87 2.35
BaTisO9(hypoth.) 30-1/0110/107 33 (©)33 45.85  41.69 4387 % 88.7 %0 2.81 2.30
TiOx(B) 106/090/300 27 ©) 3732 33.62 3649 90 89.2 90 2.84 2.32

Note. The stacking sequences, the number of layers in the sequences, the average diameters of the closest packed atoms, and the mean thickness of

the closest packed layers are also given.

stices are occupied selectively by Ti, the
symmetry is reduced to whatever is given
as the appropriate space group in Table I.
Pseudocubic cells are listed when the sym-
metry of a compound with ¢ stacking is
such that not one but four geometrically dif-
ferent pseudohexagonal unit cells are possi-
ble. The reader can apply the cubic to hex-
agonal transformation (see BaTiO; in
Table II) in order to obtain the correspond-
ing hexagonal cells. Not listed in Table II
are the rutile related structures because
they deviate too much from closest packing
principles. Although the spread of individ-
ual Ba-O and O-O distances is large, the
geometries of the pseudohexagonal and
pseudocubic cells conform well to the clos-
est packed arrangement. This is shown by
the reasonably constant values of the aver-
age diameter of the closest packed atoms in
the plane defined by the pseudocell con-
stants apy and by, and by the remarkably
constant thickness of the layers normal to
cpn (Table II). The pseudohexagonal cell
constants have « and 8 values close to 90°
and vy values close to 120°. The constants

apn and by, agree on the average within
less than 1%. The agreement are clearly
worse for the pseudocubic cell constants
and for the TiO, modifications.

In Table II the cubic and hexagonal
stacking sequences of the barium titanates
are listed. All six-layer titanates have the
sequence ABCACB or (hcc);, while the
other geometrically possible (57, p. 158)
stacking sequence, ABCBCB or (hchhhc),
does not occur.

The closest packed layers are formed by
several components: by Ba and O atoms
and also by additional voids in cases where
two Ba atoms become next nearest neigh-
bors in the same row of cubic closest
packed atoms and the possible oxygen
atom position between them is not occu-
pied (Table III). Thus octahedral voids can
be coordinated by oxygen atoms alone, or
else by oxygen and by either barium and/or
vacancies in the closest packing. In the bar-
ium titanates octahedral interstices coordi-
nated by both O and Ba atoms are never
occupied by Ti atoms. Neither are inter-
stices between five O atoms and one va-
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TABLE 111

NUMBERS OF PACKED ATOMS IN THE PACKINGS OF
THE VARIOUS BARIUM TITANATES: Ba, OXYGEN,
AND VoIDs ([J)

Octahedral

Packed atoms interstices

0 T O

Compound Ba O 0O PA = O
Bay(Ti,Pt);P1Oyg 16 40 8 64 12 12 0
Ba(Ti,P)O; 6 18 0 24 6 6 0
BaTiO, 1 3 0 4 110
BaTi,0s 6 30 0 36 12 12 0
BagTi;7040 24 160 8 192 72 68 4
Ba;Tis sO3 4 2 2 32 2 12 0
Ba-Ti3*Ti{ O3 4 26 2 32 2 12 0
Ba,TijpALOy; 16 108 4 128 52 48 4
BayTiy305 16 120 8 144 52 52 0
BaTisOgthypoth.)} 2 18 2 22 8 8 0
Ba,TigOx 8 80 2 9% 3 36 7
Ba,Tig »sLi30: 4 4 0 48 28 28 0
BaTisO), 4 4 0 48 26 20 6
BaTisO3 2 2 0 28 17 125
BaTig ' Tid*Oy6 116 1 18 0 & 2
BaTicALO:q 116 1 18 0w 8 2
TiO>-1t 0 8 o 8 8 4 4
Rutile 0 4 0 4 4 2 2
Brookite 0 6 0 16 16 8§ 8
Anatase 0 g 0 8 8 4 4
TiO«(B) 0 16 2 18 8 8 0

Note. Their sums (PA) are equal to the numbers of octahedral inter-
stices available. The ber of those coordi d by six oxygen aloms
each is given (60), as well as the numbers of those occupied by titanium
or other octahedral cations (Ti) and those remaining vacant (0).

cancy ever populated by Ti. Six-coordi-
nated octahedral interstices are usually
occupied in such a way that shared octahe-
dral faces are avoided. Whenever unoccu-
pied octahedra of O atoms are observed in
the barium titanates, they are face sharing
with neighboring Ti-occupied coordination
octahedra.

The orientation of the closest packed lay-
ers can usually be derived from the mor-
phology of the crystals or from the diffrac-
tion pattern, and yields substantial
structural information, which can be used
to predict large parts of the crystal struc-
ture. In the case of Ba,Tig »5Li;0,,, for ex-
ample, the lattice constants a = 5.81 (2 X
2.9),b =993 4 x 2.5), and ¢ = 14.02 (6 X
2.34) A led to the assumption that the unit

cell contained six closest packed layers per-
pendicular to ¢ with four rows of two atoms
each parallel to a in each layer. Because of
the relatively short lattice constant a in
connection with symmetry restrictions in
space group Pmcn, the four barium atom
positions in four different but symmetri-
cally equivalent layers could easily be de-
termined and so could the positions of ail
oxygen atoms in these layers. This informa-
tion was sufficient to solve the structure
(32).

Tunnel Structures (Wadsley—Andersson
Phases)

BaTi205, BazTi%+Ti2+0|3, BazTi5'50|3,
BaTi,O9, and TiO,(B) belong to those com-
pounds which all have a short cell constant
of about 4 A. This distance corresponds to
the long diagonal of a TiOg octahedron. The
structures contain infinite zig-zag bands of
edge-sharing TiOg¢ octahedra two or more
octahedra wide. The bands are oriented
parallel to the direction of the 4-A cell edge
and therefore the compounds often crystal-
lize as needles parallel to this direction. In-
dividual bands share common corners and
in between are tunnels parallel to the bands
and the short axis. These tunnels are occu-
pied by larger cations, mostly alkali and al-
kali earth ions. The width of the tunnels
depends on the number of octahedra in an
octahedral band.

In the structure of BaTi,O, (Fig. 10) the
tunnels accommodate the Ba atoms in a
pentagonal prismatic coordination. In the
hypothetical BaTisOs structure the tunnels
are two octahedra wide (Fig. 11); in Ba,
Tis sO3 (Fig. 12) they are three octahedra
wide, as are the bands. When looking 10°
off the b axis direction in Ba,Tis O3 (Fig.
13) the bands formed by the octahedra par-
allel to that axis become clearly recogniz-
able. In the view parallel to the ¢ direction,
both the bands parallel to b and the short
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FiG. 12. Projection of Ba,Tis O3 parallel to (010]
emphasizing its tunnel structure aspect. The 4.0-A unit
cell length is parallel to the direction of the view.

rutile-type octahedral chains (see below)
normal to it can be seen (Fig. 14).

This type of tunnel structure is also
formed by many alkali titanates and related
compounds. Examples are Na,TigO;; (58),
NazTi307 (59), KTl;NbOg (60), Nale403
(61), and the polymorph of TiO, known as
TiOx(B) (25). These compounds have often
been referred to as Wadsley—Andersson
phases.

Except for BaTisOy all the compounds

F1G. 13. Projection of Ba,TissO;; 10° off the [010]
direction. The bands of octahedra parallel to the 4.0-A
cell are apparent. Also visible are the shared edge
rutile-type chains running from left to right and having
a length of three octahedra.

Fi1G. 14, Projection of Ba,Tiss0;, parallel to the ¢
direction, that is nearly parallel to the short rutile-type
chains.

classified as Wadsley—Andersson phases in
Table I can also be described as cubic clos-
est packed arrangements of O and Ba atoms
(Table II). Another way to view them is as
derivatives of a hypothetical TiO in the
NaCl type. By replacing an O atom 4, %,
in the center of the unit cell by a Ba atom,
all Ti atoms except those at 0, 0, 0 would
then become neighbors of the central Ba,
and therefore they have to be removed.
Thus we have obtained the perovskite-type
cubic BaTiO; structure, which can be
viewed as the simplest Wadsley—Anders-
son-type barium titanate. Corresponding
replacements of O by Ba atoms with the
consequent removal of Ti atoms in more
complicated patterns and in different ratios
results in the other barium titanate tunnel
structures. In the same way anatase can be
viewed as a NaCl type in which half the
octahedral sites remain unoccupied in an
ordered pattern (57, p. 170).

Rutile-Related 3.0-A Phases

Rutile and the NiAs type are related as
anatase and the NaCl type are. Removal of
half of the cation positions in the NiAs
structure in an ordered way gives an ar-
rangement with the topology of the rutile
type (Fig. 15; (57, p. 169). In the NiAs type
the anions are hexagonally closest packed
and therefore each As is surrounded by 12
As neighbors in a polyhedron of hexagonal
symmetry. Thus there is only one direction
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pre

rutile

N 44+ .3+
hoIIandnteBaTt6 Tiy" Oy

anatase Bay(Ti,Pt),P10,4

Fi1G. 15. Views strictly parallel the infinitely ex-
tended rutile-type chains in anatase, NaCl, NiAs,
rutile, hollandite-type BaTi¢*Ti3* Oy, and Bay(Ti,Pt),
PtO),. The latter three structures each have rwo direc-
tions in which almost closest packed, but not com-
pletely plane layers are situated at right angles to each
other.

in which closest packed planes exist, while
in a cubic closest packing there are four
such planes (normal to [111]). In the rutile
type the coordination octahedra around the
Ti atoms are slightly rotated relative to the
NiAs type in such a way that now there are
two planes (normal to [100] and to [010]) in
which the packing atoms are approximately
closest packed. However, these planes are
corrugated. In addition the anion packing is
no longer closest packed in three dimen-
sions, because now each anion has only 11
neighbors. This rutile packing fills only 72%
of space as described by Baur (/7).

The view of the rutile type in Fig. 15 is
parallel] to the ¢ direction. We are looking
sideways at an octahedron along one of its
twofold axes. The topmost edge of the octa-
hedron is the edge shared with a neigh-
boring octahedron (depicted by the short
diagonal of the rhomb outlining the
octahedron). The coordination octahedra
form chains with a repeat period of 3.0 A
parallel to the ¢ direction. This type of
chain can be considered the building block

of a whole series of structures, such as the
ramsdellites, hollandites and psilomelanes
(57, p. 219) but also CaTi,O,4, CaFe;0s, Ca
Fe Og, and CaFesO; (62). In many of them
the rutile-type chains are fused into double
rutile chains, where the neighboring chain
is offset by half a repeat period in the chain
direction and each octahedron shares two
edges with octahedra from the neighboring
chain (see hollandite, Fig. 15). The hollan-
dite structure can be viewed as built of cor-
ner-sharing double rutile chains. The 3.0-A
structures are also tunnel structures as the
example of hollandite shows. In BaTi¢"
Ti3*O)s and in BaTicALO, the tunnels
accommodate the Ba atoms. The planes
(001) and (102) contain in this case the cor-
rugated closest packed planes at right an-
gles to each other.

In Bay(Ti,Pt),PtO,, the a cell edge is 5.78
A, or approximately twice the length of the
¢ edge in rutile. Chains of octahedra extend
parallel to the a direction, but every other
octahedron is vacant. The main similarity
to the rutile type is that here again one can
observe two corrugated, essentially closest
packed planes at right angles to each other.
They are located in the planes normal to
[011] and to [011].

Because of the intersecting corrugated
close packed planes rutile, hollandite,
Bay(Ti,Pt),PtO,,, and similar structures
cannot be considered as closest packed.
While one can give stacking sequences for
these structures, it has to be understood
that they cannot conform in their details to
the closest packing principles as they are
shown by other barium titanates.

Since several of the closest packed bar-
ium titanates have short chains of octahe-
dra with shared edges as in the rutile type,
one can view them as related to each other.
An example is Ba,Tis sO;3, where the rutile
chains are three octahedra long (Fig. 14).
Fallon and Gatehouse (63) have pointed
out that in Ba,Ti30,4 there are actually hol-
landite-type clusters with four double
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rutile chains extending for three repeat
periods.

Conclusion

In Fig. 16 the ratios Ba/PA versus Ti/PA
are plotted for the barium titanates, where
the values of Ba, Ti and PA (total of the
packed atoms) are from Table III. The
value of Ti includes occupation of the octa-
hedral interstice by Ti3*, Al, or Pt, but not
by Li. As the fraction of the packed sites
occupied by Ba increases the value of Ti
must decrease, because fewer and fewer
octahedral coordination sites are sur-
rounded solely by oxygen atoms. The line
on the plot is not a regression line, but in-
stead connects the anatase point (Ba/PA =
0.0; Ti/PA = 0.5) with the point for BaTiO,
(0.25; 0.25). Whenever a point representing
a barium titanate compound is not located
exactly on the line, either the structure con-
tains vacant positions in the closest pack-
ing, or possible octahedral positions are va-
cant in order to avoid the sharing of more
than one octahedral face. More than one
common face is only found in cases where
atoms other than Ti also occupy octahedral
sites, as in Bay(Ti,Pt),PtO,.

0.61
0.5 4
0.4 S
° o 5
<
o 031
>
[y
0.21
o
0.l v T v v v
0o 005 0.0 Q0I5 0.20 0.25

Ba/PA —

F1G. 16. Plot of Ti/PA versus Ba/PA for the barium
titanates. The line connects points (0.0, 0.5) and (0.25,
0.25) with each other. It is not a regression line.

Closest packed barium titanates are only
found in the range of Ba/PA from 0.0 to
0.25. At higher values there are insufficient
numbers of O atoms available to supply 11
or 12 neighbors around each Ba atom.
Therefore a compound such as Ba,TiO, (6)
crystallizes in a structure in which Ba is 8-
coordinated, while Ti is 4-coordinated by
oxygen. If it were closest packed its Ba/PA
value would be 0.333. An extreme case
would be a BaO structure with both Ba and
O in 12 coordination, which is impossible
because the topology would not allow
twelve anions around a cation in an AB
compound at the same time that twelve cat-
ions surround each anion.

Other tetravalent transition elements be-
sides Ti form compounds with barium and
oxygen. These include Ni, Cr, Mn, and Ru
(BaNiO, (37), BaCrO; (38), BaMnO; (64)
and BaRuO; (65)). For some of these com-
pounds a surprisingly large number of poly-
types has been described (four are known
for BaCrO; (38); see also (57, p. 580)).
Their compositions are always BaXO; and
all are based on hexagonal closest packings
with frequent sharing of octahedral faces.
However, the variation in the different
Ba: X ratios encountered in the barium tita-
nate system is unknown here. The compli-
cated stoichiometries of the barium tita-
nates, together with the fact that most of
them crystallize in structures derived from
involved closest packings result in crystal-
line arrangements which are far removed
from Pauling’s (66) parsimony principle.
When we use the parsimony index I, (=(¢ —
e)/t) as defined by Baur et al. (67), where ¢
is the number of topologically distinct
atomic species in the asymmetric unit, and
e is the number of different chemical ele-
ments in the compound, the typical value of
I, for the BaXO; types is zero. For the com-
plicated barium titanates the values range
between 0.57 (BaTisOq;) and 0.9 (BaTiyOy).
That means that they are among the most
lavish inorganic structures known so far.
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We make the point that even a group of
compounds with seemingly unrelated stoi-
chiometries such as the barium titanates
can be described using one simple struc-
tural principle. Of the three approaches ap-
plied here, the one useful for the largest
number of compounds is the closest pack-
ing principle.
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