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Phases observed in the BaO-Fe,O3-TiO, system are classi-
fied and described in terms of the framework of close-packed
{O,Ba/O} layers, with the transition metal atoms either in oc-
tahedral (titanium and iron) or in tetrahedral (iron only) sites.
The resulting crystal chemistry features new combinations of
structural features intermediate between the magnetic bar-

ium hexaferrites and the dielectric barium polytitanates, and
thus gives rise to phases with potentially useful magnetic/
dielectric properties.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

1. Overview features from both. The observed structural features organ-
ize the composition space into regions containing phases
with common building units. These regions in the phase
diagram, as indicated in Figure 1, include those featuring
framework-type structures (e.g., hollandites, indicated in
yellow), the perovskite derivatives and polytitanates (light
blue), the hexaferrites (dark blue), and intermediate phases
with new structural units (red). Magnetic multilayer com-
pounds are in the violet/gray area. The areas are defined by
bisecting existing tie lines and are a guide to the eye.

As can be seen, three distinct “structural end members”
(BaO—TiO,, Fe,03—TiO,, and BaO—Fe,03) dominate
along the binary subsystems. The framework-type struc-
tures such as hollandite dominate the lower left corner of

The crystal chemistry in the BaO—Fe,O3;—TiO, phase
diagram is surprisingly rich. A recent study of the system
found a large number of new phases,[!! with structures fea-
turing moieties from both the polytitanates and hexafer-
rites, as well as new building blocks showing a mixture of
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Figure 1. BaO—Fe,05;—TiO, phase diagram with regions of structurally related phases indicated in color; yellow: framework-type phases;
light blue: hexagonal polytitanates; dark blue: hexaferrites; violet/gray: magnetic multilayer systems (based on hexagonal perovskite and

hexaferrite); red: new “mixed” phases

the phase diagram nearest TiO,. The other two structural
“end members”, the polytitanates/perovskites (Ti-rich side)
and hexaferrites (Fe-rich side), both feature close-packed
{O,Ba/O} layers and would therefore be expected to form
numerous “blended” structures. Indeed, in the transition
area indicated in red, the phases found are based on seven
new types of close-packed {O,Ba/O} layers intermediate be-
tween the layers present in the hexaferrites and in the poly-
titanates. The stacking of the different layers gives rise to a
variety of phases, extending from the iron-rich to the tita-
nium-rich side. Phases in this region based on hexagonal
BaTiO; with Fe ordering in distinct layers reveal super-
structures with periodicities of around 100 A. Disorder in
stacking is often seen, but their structural features are sim-
ilar to the other intermediate phases.

Phases indicated in violet/gray include blocks of hexa-
gonal BaTiO; and often disordered layers mainly com-

1484

prised of BaO—Fe,05.[?! These phases are part of the red
area of new structures.

The structural features observed in  the
BaO—Fe,0;—TiO, system are presented below, and some
of the new phases found are discussed. The combination
of high dielectric and ferri-/ferromagnetic systems produces
potentially useful materials for microwave applications,
such as nonreciprocal devices.[>¥ The dielectric properties
of some of the phases are discussed in terms of the
Clausius—Mosotti theory. Furthermore, the iron valence
has to be stabilized at Fe3* to ensure low microwave losses.
The phases discussed below are based on Fe*" and Ti**.

2. Background

High dielectric materials have been key in the miniatur-
ization of microwave devices (i.e. high frequencies of the

Eur. J. Inorg. Chem. 2003, 1483—1501
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order of 50 MHz to 22 GHz). Use of a dielectric material
allows the size of a microwave device to be scaled by £/,
Requirements for materials used in microwave applications
are a high dielectric constant and low microwave losses, to-
gether with a negligible temperature dependence of these
properties. Materials in common use are based on mixtures
of barium titanates, in which dielectric constants of the or-
der of 28, together with small temperature dependencies,
are observed. Furthermore, microwave losses can be re-
duced such that high-quality filters with Q of the order of
45k and higher can be realized. The loss mechanisms are
often related to defects in the material; the presence of re-
duced titanium, Ti*", for instance, correlates with increased
loss. Careful synthesis of the material to ensure fully oxid-
ized titanium is key to performance.

The addition of a static magnetic field affects the propa-
gation of the electromagnetic wave in such a material, al-
lowing the construction of nonreciprocal devices such as
isolators, phase shifters, circulators, etc. Such ceramic mag-
netic oxides are key components in a wide variety of elec-
tronic applications; communication systems, for instance,
utilize coaxial circulators and isolators that contain ceramic
magnets.>* Materials in current use include spinels, gar-
nets, and hexaferrites, the last of these based on the mag-
netoplumbite-type structure. Improved materials would ex-
hibit higher dielectric constants and high saturation mag-
netization, while retaining low-loss behavior in the micro-
wave region. In addition, a small or negligible temperature
dependence of the dielectric and magnetic properties is
highly desirable. For this reason, a thorough study of the
phase equilibria in the BaO—Fe,O;—TiO, system was re-
cently carried out.l'l In particular, combinations of the high
dielectric materials based on polytitanates with magnetic
Fe,O; were of interest. Since the materials in use today are
often based on mixtures of several different crystallographic
phases, detailed knowledge of the phase diagram is key to
understanding the processing of multicomponent materials
with engineered properties. The interface of the barium
hexaferrites with the barium polytitanates is discussed be-
low, and the structural relationships emphasized.

The pseudo-binary systems have been examined previ-
ously, and corresponding phase diagrams were produced in
“Phase Equilibria Diagrams” (formerly “Phase Diagrams
for Ceramists”),! in Figures 1:208, 4:5130, 91:009, 1:213,
3:4302, 4:5135, 11:9211—13, 93:016, 12:10036, and refer-
ences cited therein.

The crystal chemistries both of the barium polytitan-
ates!® and of the barium hexaferrites”] have been extens-
ively studied in the past. These systems are based on close-
packed oxygen lattices, with barium atoms substituting for
oxygen atoms while retaining the close-packed arrays. Tita-
nium and iron atoms occupy interstitial sites. The resulting
structures obey a metric determined by the close-packed lat-
tice, usually based on a hexagonal unit cell, with layers ap-
proximately 2.35 A thick and in-plane base hexagonal lat-
tice parameters of the order of @« = b = 5.75 A. Ordering
of the transition metal atoms in interstitial sites and of the
barium atoms which are substituted for oxygen atoms often
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reduces symmetry from hexagonal or rhombohedral to or-
thorhombic or monoclinic, and correspondingly changes
the in-plane lattice parameters. The similar unit cell metrics
of the two systems allow the formation of mixed or
“blended” phases that would be expected to contain struc-
tural motifs both from the polytitanates and from the hexa-
ferrites, giving rise to new structures. Furthermore, new
structural motifs combining features of both end systems
may also occur.

Only one phase is stable in the pseudobinary
Fe,05;—TiO, system: pseudobrookite-type Fe,TiOs. It may
be regarded as a framework-type structure with edge-shar-
ing octahedra only.

The barium polytitanates may be described as (BaO),,-
(Ti0O,),. Of the six phases stable above 1200 °C in the
BaO—TiO, system, Ba,TigO5,! BaTi 00, Ba,Ti; 305,
BagTi ;04,1 BaTiO3,1>131 and Ba,TiO4,!'¥ only the last
is not based on a close-packed {O,Ba/O} layer system. It
contains isolated TiO, tetrahedra, making it quite distinct
in the series. The phase Ba,Tis0;, was found to be stabil-
ized by small amounts of impurities, and is therefore not a
true polytitanate.['> The framework structure of Ba,Ti;;O56
is related to the mineral jeppite,'® but with partial occu-
pancy of titanium to achieve charge balance (also referred
to as Ba,Tis s0;5).l17!

The barium hexaferrite system and spinels differ mark-
edly from the polytitanates in that Fe occupies both octa-
hedral and tetrahedral interstitial sites in the close-packed
lattice. This results in sixfold octahedral and fourfold tetra-
hedral coordination, as well as fivefold trigonal-bipyram-
idal coordination in the case of the hexaferrites. This last
form is obtained when two tetrahedral interstitial sites share
a face. The occupying iron atom is usually shifted out of
the basal plane into either one of the tetrahedral intersti-
tial sites.

In the case of the hexaferrites, various superstructures
based on hexagonal lattices with the ¢ axis approaching
1000 A have been reported.'8! Other phases in the
BaO—Fe,03 system may adopt structures that are not
based on a close-packed lattice. BaFe,Oy, for instance, ad-
opts a “stuffed tridymite”-type structure,!'”) while Ba,Fe,Os
is reported to occur in a distorted perovskite-type super-
structure.”” Ba,FesO;, may be regarded as intermediate
between the tridymite-type structures and the close-packed
structures, as a layer of edge-shared octahedra alternate
with a partial stuffed tridymite-like framework of tetra-
hedra.”!l

The spinels and hexaferrites are used in nonreciprocal
microwave devices. However, they have considerably lower
dielectric constants than the barium polytitanates.

Combinations of the barium polytitanates and barium
hexaferrites are of potential interest since they offer the
possibility of high dielectric constants in a magnetic system.
Depending on the concentration of Fe3", paramagnetic to
ferri- or ferromagnetic systems would be expected. At low
iron concentrations, good dielectric materials based on po-
lytitanates, but with weak magnetism, would be likely. In
contrast, a high iron concentration would be expected to
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Table 1. Crystal structure data for phases

Compound #L Stacking sequence  Layer thickness [A] Space group Lattice parameters [1&] Remarks
name (see Figure 1), ref.
F6203_Ti02
Fe,TiOs Cemm a=9.700, b = 3.720, ¢ = 9.930  pseudobrookitel*¥
BaO_F6203 _
Fe;0, 6 (o). 2.32 FA3m a = 8.384 S (spinel)*3]
BaFe;,0 10 (hhhce), 2.32 P6simme  a = 5.893, ¢ = 23.194 M (hexaferrite)7->4
Ba,Fe 4,05, 18 (cchhhh)s 2.42 R3m a = 5.860, ¢ = 43.504 Y
BaFe ;30,7 14 (hhhcceee), 2.34 P6simme  a = 5.880, ¢ = 32.845 wll
BasFe 404, 22 (hhhcchhhec), 2.38 P6s/mme  a = 5.885, ¢ = 52.301 Z (MY)
Ba,Fe;;0q46 36 (hhhcechhheeee)s 2.306 R3m a = 5.880, c = 84.110 M,S"
BaFe, O, 6 (cch), P65/m a = 5.160, c = 13.811 [46]
BaFe,0y4 4 (ch), 2.254 P6522 A = 5458, ¢c = 9.016 119l
BaO—TiO, )
cubic-BaTiO; 3 (o) 2.306 Pm3m a = 3.905 (2l
6H-BaTiO; 6 (cch), 2.327 P6s/imme  a = 5.750, ¢ = 14.050 (13131
BagTi;704¢ 8 (hcch), 2.340 C2le a =9.883,b=17.080, c = 18.920 1l
B = 98.40°
Ba,Ti;505, 6 (hce), 2.342 Cmca a =17.063, b = 9.864, ¢ = 14.053 10
Ba,Tis0,, 6 (hhc), 2.349 Pl a = 14358, b = 14.095, ¢ = 7.477 B
@ = 95.5°, B = 100.6°, y = 89.9°
BaTisOy; 6 (hce), 2.337 P2,/n a=17.670, b = 14.020, c = 7.520 17
] B = 98.3°
BaTisO5 4 (h), 2377 Pl a=7510.b=985,c=7461 148
@ =105.2° B = 118.5°, y = 72.3°
Ba,Ti;s05» 6 (cch) 2.349 Cmca a=10018 b = 11.575, ¢ = 14.094 130
BaTi,Os - - A2Im a=9.409, b =3932, c=16907 framework*’
B = 103.5°
BaTi Oy - - Pmmn a=14.527,b = 3.794, ¢ = 6.293 framework[>"]
Ba,TigO,3 - - C2Im a = 15.004, b = 3.953, ¢ = 9.085 framework[>!]
B = 98.01°
BaO*Fezo3*Ti02
Ba,Fe,Ti,O4;3 - - C2/m a =15216,b = 3.898, c = 9.135 A, framework
B = 98.46°
BasFe;(TiO, - - R2Im a = 15379, b = 11.837, ¢ = 5.1845B,*? framework
B = 91.237°
BaFe,Ti,O 6 (e 2.264 P6y/mme  a = 5.843, ¢ = 13.604 1:2:2038)
Baj,FerTi;sOss 8 (cche)s 2.365 C2m a=9988. b =17.298, ¢ = 19.170 12:14:1519)
B = 99.33°
BayFe,Ti 0, 8 (cchh), 2.346 C2m a=19.870, b = 11.449, ¢ = 9.909 CB2
B = 109.19°
BagFeysTi-Or6 8 (ch)s 2338 C2m a=1939, b = 2026, c = 10076 D4
B = 105.27°
BaFe,  Tiz05s 8 (ch) 2.355 e a=19561,b = 8.661, ¢ = 10.120 D14
B = 105.62°
Ba,Fe,Tis0 )¢ 10 2374 a = 57618, ¢ = 23.738 E
BayFeysTisOug 5 (chech) 2.359 C2m a=10.032, b = 17.441, ¢ = 12.235F140)
B = 105.43°
BasFesTisOse 10 (chech), 2.366 e a = 10.024, b = 17.378, ¢ = 24.627 F'40)
B = 106.15°
Ba, Fe;TircOgs 10 (ccchh)s 2332 e a=23321,b = 11384, ¢ = 9.847 GBI
B = 90.09°
BasFe,Ti;(Os, 18 (chhhhhhhc), 2.346 P6simme  a = 9.9886, ¢ = 42.226 J5Y
Bay,Fe ¢Tiz30,17 54 (cchechhhhechhhhech)s2.354 R3m a = 5.750, ¢ = 127.10 JB7
BagFe,oTizOz ~ 26 — 2362 - a=9977. ¢ = 61.41 K
BacFe,Ti,Ory 42 — 2353 - a = 5736, ¢ = 98.84 Li
Ba, FegTigOyy 26 (chechehchechce), 2.365 P6s/mme  a = 5.754, ¢ = 61.482 M3l
BazFezTizog - - - - N[l]

ments, reducing the overall possible magnetic moment of
the material. Since the X-ray contrast between Fe and Ti is
small, investigations studying the ordering of Fe and Ti may

yield magnets, albeit with reduced dielectric constants.
Superexchange, the prevalent magnetic interaction in insu-
lating oxides,”?! produces antiferromagnetic spin align-
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need the use of synchrotron radiation tuned to the Fe or Ti
absorption edge, or neutron diffraction experiments. High-
resolution electron microscopy may also be utilized to study
the ordering of Fe in such pseudo-quaternary phases.[?!

3. Structural Units

The structural motifs observed in the hexaferrites and the
barium polytitanates are few, and so allow classification of
the large variety of structures observed in these systems.
Stacking sequences, on the other hand, may extend over
many layers in one direction. Table 1 compiles the unit cell
parameters and stacking sequences for various phases
present in the BaO—Fe,O;—TiO, system. The structural
motifs observed in the pseudobinary systems are briefly dis-
cussed here.

The following color scheme has been adopted for the rep-
resentation of structures: barium atoms: green or yellow
spheres; tetrahedral iron: red tetrahedron; pentagonal iron:
gold bipyramid; octahedral iron: dark blue octahedron; oc-
tahedral titanium: light blue octahedron.

3.1. Spinel-Type Layers (S-Block)

The spinel-type structure of Fe;O, is based on a close-
packed oxygen lattice, with iron present in tetrahedral and
octahedral interstitial sites. It should be noted that Fe;O, is
a mixed valent system, and so does not meet the criterion
of Fe3* ions only. However, since its structural features are
prominent, it is described separately here. The layer stack-
ing is (¢),. There are two distinct layers: one with edge-
sharing octahedra (sP1 layer), and the other with a 1:2 com-
bination of octahedra and tetrahedra, connected through
the corners (sP2 layer) (Figure 2). Three layers, stacked
sP2—sP1—sP2, form an “S-block”, of Fe;0, stoichiometry
with an average layer thickness of 2.33 A.

3.2. Magnetoplumbite-Type Layers (R-, T-, and Q-Block)

Barium hexaferrite BaFe;,0;9, crystallizes in the mag-
netoplumbite-type structure,[’->*! containing spinel-type S-
and R-blocks. The R-block incorporates pentagonal iron,
found in a trigonal bipyramid sandwiched between spinel
(sP1) layers. The position of the iron atom in the basal
plane of the pyramid is unstable, resulting in displacements
that move the iron atom into one of the oxygen tetrahedra
in a random way. Two face-sharing FeO¢ octahedra and one
barium atom complete the R-block unit. The close-packed
oxygen lattice in the R-block has an (%); stacking sequence,
which gives an overall stacking sequence for the magneto-
plumbite-type of (hhhcc), (ten-layer structure) with an aver-
age layer thickness of 2.318 A. The individual layers are
shown in Figure 2. BaFe|,O,, is also referred to as hexafer-
rite M, on the basis of phase diagram studies by Smit and
Wijn.[2571
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sP1 sP2

S-Black

R-Block

vy,
2o
mu

T-Block

Q-Block

Figure 2. Close-packed layers found in spinel and hexaferrite
phases; barium atoms are shown as green spheres, iron octahedra
are indicated in dark blue, iron tetrahedra in red, and trigonal bi-
pyramids in gold; the hexaferrites are made up of five different
layers only

In hexaferrite Y, Ba,Fe 40,5, (Ba,Zn,Fe;,05,),1*°! a com-
bination of S-blocks and T-blocks is observed. The T-
blocks are made up of three close-packed layers (see Fig-
ure 2) containing columns of three face-sharing octahedra.
The iron—iron distances in these columns are of the order
of 2.84 A, so iron atoms are moved out of their ideal posi-
tions. These iron—iron contacts allow only three face-shar-
ing octahedra, since shifts in a fourth octahedron would be
too large. The hT layer (Figure 2) may be regarded as a
spinel sP2 layer in which all of the down-pointing tetra-
hedra have been removed, and a barium atom replaces the
apical oxygen. The middle layer hP, containing Ba and oc-
tahedra only, is of the same type as observed in the cubic
and hexagonal perovskite. The T-block may also be de-
scribed as a modified R-block, in which the two tetrahedra
forming the bipyramids are separated by a layer of oc-
tahedra, and are rotated by 60°.

The Q-block, found in iron and chromium ferrites, is re-
lated to the T-block in such a manner that the octahedral
interstitial sites in the middle layer are not occupied (Fig-
ure 2).126271 A large number of hexaferrite phases can be
described on the basis of the combinations of Q-, R-, S-,
and T-blocks. Apart from BaFe >0, (M), for instance,
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the hexaferrite phases BaFe;3s0,; (W), Ba,Fe 40, (Y),
BasFe,c0y4; (Z), and Ba,Fe;0046 (M,S)! have been re-
ported. With the exception of BaFe,O;o, they show re-
duced iron valence, and are stabilized by the introduction
of divalent atoms such as zinc, magnesium, or cobalt, or of
mixtures such as Li'*/Fe3". Some of these phases, with
their stacking sequences and combinations of R-, S-, and
T-blocks, are illustrated in Figure3. For instance,
Ba,Fe;(Oy6 is structurally a combination of BaFe,O,9 and
BaFe;30,;, representing the M2S member, with block ar-
rangement (RSRS,).

5
R

BaFe O, (M)

i R

BaFe O,, (W)

8

Ba,Sn,MnFe,0,, (@s) BaFeT:0, (R)

22

Figure 3. View of stacking sequences of hexaferrite phases M, W,
Y, Z, and QS; barium atoms are shown as spheres, iron octahedra
are indicated in blue, tetrahedra in red, and bipyramids in gold;
hexaferrite building blocks shown in Figure 2 are indicated

The long-period superstructures observed may be de-
scribed as stacking of different blocks in various ways, com-
binations, and periodicities.

3.3. Barium Polytitanates

The BaO—TiO, system contains a large number of
phases, nearly all of which feature structures based on close-
packed {O,Ba/O} lattices.) Mixed-valent barium titanate
phases containing Ti**/Ti** mixtures have also been pre-
pared and characterized; examples are the hollandite-type
Ba,Tig0,5?" and the hexagonal 6L Ba,Ti;305,.2%:3"

1488

Only the cubic and hexagonal barium polytitanates are
considered below, since these systems are based on close-
packed {O,Ba/O} layers and tetravalent titanium in octa-
hedral interstitials. Reduced titanium, Ti**, detrimentally
affects the microwave properties. Barium titanate phases are
compiled in Table 1.

The simplest structure present in the BaO—TiO, system
is the well-known cubic perovskite BaTiO;.l'?! It may be
regarded as a cubic stacking of close-packed layers with a
thickness of 2.306 A, a value expected to be close to the
lower limit, since only corner-connected octahedra are pre-
sent. Projection of the structure along one of the four close-
packed stacking directions {111} shows the titanium oc-
tahedra well separated by barium atoms (Figure 4), and the
same as the hP layer observed in the hexaferrite T-block.

cubic BaTiO, 6h-BaTiO,

'Y XX XEX X
Y DX D
e oo o
@ @

Figure 4. View of the stacking sequence for the cubic and hexa-
gonal perovskite BaTiOs; below is a depiction of a single perovskite
layer, common to both structures; barium atoms are shown as
green spheres, titanium octahedra are light blue, oxygen is found
at the corners of the octahedra

The hexagonal 6H-BaTiO; structure!'33!! (Figure 4) has
a stacking sequence (cc/), with an average layer thickness
of 2.327 A. It can be viewed as a cubic perovskite type, in
which units of three layers are rotated by 180° and stacked
on top of the previous layer, resulting in face-sharing tita-
nium octahedra. The titanium—titanium distance in this
double layer is increased from 2.327 to 2.69 A, and so the
metal atoms are moved away from the center of the oc-
tahedra. In general, face-sharing octahedra in titanates are
observed in pairs, unlike in ruthenates, platinates, or
nickelates, in which longer face-sharing chains of metal oc-
tahedra are found.!” In an extended face-sharing arrange-
ment, short Ti—Ti contacts of the order of 2.35 A would
be expected from the average layer thickness imposed by
the oxygen—oxygen contacts, making such extended sys-
tems unstable.

Eur. J. Inorg. Chem. 2003, 1483—1501
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The phases in the BaO—TiO, system may be written as
(Ba0),,(Ti0,),, with m = n = 1 representing the simple
BaTiO;, with all tetravalent Ti. Alkaline earth rich titanates
are not abundant, with Ba,TiO4 being the (m = 2, n =
1) phase, in which Ti is in tetrahedral coordination.!¥! In
contrast, a whole series of phases with (im = 1, n = 2,4, 5,
6),m=2,n=59),m=4,n=11,13),and (im = 6,n =
17) have been reported and structurally characterized.l®
Most of these are based on close-packed {O,Ba/O} layers,
with Ti in octahedral sites. The octahedra are connected
through corners, edges, or faces, giving various stacking se-
quences. The framework structures of BaTi,Os, BaTizOo,
and Ba,Tiz_ O3 (reduced) were discussed further by
Tillmanns,[® and are not considered further here.

Figure 5 shows the different close-packed layers found in
BagTi;7049, BayTij3059, Ba,TigO,,, BaTisO;;, and Ba-
TigO5.[! The average layer thickness in these compounds
is of the order of 2.34 A. All these systems can be described
in terms either of two or of three distinct topological layers.
They combine edge- and corner-sharing octahedra only,
without any face-sharing octahedra observed. The layers
are often complementary in such a way that two or three
layers cover an entire plane with octahedra by merging with
shear, as for instance in BaTigO;3 and BaTisO;;, thus
avoiding face-sharing octahedra.

It is interesting to note that Ba,Ti;305, [19 is the only
phase in which the close-packed layers consist of discrete
building blocks that do not form an extended unit. All the
other phases have at least one close-packed layer with a
one-dimensional chain-type building unit. The discrete
building units within each plane are all of the same type;
no combination of different units within a plane is observed
for the polytitanates.

4. The BaO—Fe,O;—TiO, System

In contrast to the barium polytitanates, the barium hexa-
ferrites show extended, two-dimensionally connected poly-
hedron arrays, generally resulting in higher symmetry struc-
tures. In combinations of the two systems, new types of in-
termediate structural building blocks would be expected.
Indeed, exhaustive study of the BaO—Fe,O;—TiO, phase
diagram revealed several new phases.'! The nomenclature
introduced in the phase diagram study is used below (Fig-
ure 1).

The five regions identified in the phase diagram are com-
posed of: I. hollandites and framework structures (yellow);
II. polytitanate-based systems (light blue); III. magnetic
multilayer systems (blended hexagonal perovskite/hexafer-
rites(violet/gray); IV. hexaferrites and related phases, such
as 1:2:2 (dark blue), and V. new family of mixed
BaO—Fe,03;—TiO, phases (red).

4.1. Hollandites and Framework Structures (Yellow)

The systems based on framework-type structures are loc-
ated near the titanium-rich corner of the phase diagram.
The hollandite-type phases are in equilibrium with the
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framework-type phases 1:4 and A, the hexagonal systems
2:9, C and D, the pseudobrookite Fe,TiOs, and the hexafer-
rite-related 1:2:2.

4.2. Polytitanate-Based Systems (Light Blue)

The new phases C and G are in equilibrium with complex
polytitanates, such as the phases 6:17 and 4:13, as well as
with the cubic and hexagonal perovskites. Furthermore,
phases C and G are in equilibrium with each other, which is
reflected in the close structural relationship between them.

The layer stacking of phase C, BayFe,Ti;p0,7,1*% and
phase G,3 Ba,;Fe,TirsOg6,** is shown in Figure 6. The
8L structure of BayFe,Ti;(0,; is expanded into the 10L
structure of Ba;Fe,Ti»cOgs by repetition of the starting
layer of every four-layer block. Phase G, Ba;Ti»gOgg 1,4
containing trivalent Fe, may be written as Ba;;Fe,Ti,4Og6,
but is likely to be intermediate, depending on preparation
conditions such as oxygen partial pressure. It is easy to see
that the close structural relationship of these two systems
allows formation of intergrowths. Ordered superstructures
based on the regular arrangement of blocks of four and five
layers can produce a potentially large number of long-
period superstructures. Further electron microscopy studies
may reveal the presence of such ordered superstructures. In
addition, both phases C and G introduce new close-packed
layers in which, unlike in the pseudo-binary systems, two
different building blocks are present within a layer. Isolated
TiOg octahedra coexist with either TisOy units or TizO4
units.

4.3. Magnetic Super-Lattices (Blended Hexagonal
Perovskites/Hexaferrites) (Violet/Gray)

The cubic and hexagonal perovskites BaTiO3 are in equi-
librium with the ternary phases A, C, E, G, I, J, K, L, M,
N, and 12:14:15, as well as titanium-substituted barium
hexaferrite. The new phases E, K, L, M, and N have previ-
ously been studied by high-resolution electron micro-
scopy,?l and further structural information is available for
phases J and M. Alternating stacks of hexagonal perov-
skites and of layers preferentially occupied by Fe are com-
mon features in these phases. For instance, phase M,
Ba, FegTigO,4, B (Figure 7), is a 26L structure with stack-
ing sequence [(cch)s(ch),]. As indicated, three hexagonal
perovskite (cch) stacks alternate with four modified layers
consisting of two octahedral layers and two spinel-related
layers. All four of these modified layers preferentially con-
tain Fe. Separated by nine hexagonal perovskite layers, this
phase forms a natural magnetic super-lattice.>*¢ In the
case of phase M, the magnetic layers are located around
z = 1/4 and 3/4, spaced approximately 30.7 A apart, with a
hexagonal perovskite separation stack of the order of 21
A in thickness. The iron-rich layers, however, show strong
disorder. For instance, the layer containing tetrahedra, oc-
tahedra, and Ba may be described as an overlay of the hP
and hT layers. The apparent densely packed layer of edge-
sharing octahedra shows reduced metal occupancy, and
may be regarded as a combination of spinel sP1 and hP
layers.
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Figure 5. Compilation of the close-packed layers observed in hexagonal polytitanates; titanium octahedra are indicated in light blue and
barium atoms are shown as green spheres; only Ba,Ti;303, has no extended building block
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Figure 6. Close-packed layers of BayFe,Ti;(O,; (phase C) and
Ba; Fe,Tir60¢6 (phase G); the 8L structure of C is expanded into
the 10L structure of G by repeating the starting layer in every four-
block unit of phase C

Similarly, phase J (Figure 8), Ba,;Fe Tiz;0,,7,P57 is
based on the same building principle. It is a 54L structure

Eur. J. Inorg. Chem. 2003, 1483—1501

with a (cchcchhhhechhhhech)s stacking sequence, previously
described as an 18L monoclinic C-centered structure. Like
phase M, it is a system with disorder and, to some extent,
variable iron stoichiometry. As the stacking sequence indic-
ates, the structure incorporates hexagonal perovskite (cch)
blocks, alternating with iron-containing nine-layer blocks.
Disorder similar to that in M, Ba,;FegTi9QOy;, is confined to
those nine layers.>*>3”! Furthermore, diffuse superstructure
reflections observed in electron microscopy studies>3¢! in-
dicate a possibly larger supercell.

While the structural characterization of phase E is not yet
complete, preliminary investigations show that a hexagonal
perovskite unit with a (cch) stacking sequence is again pre-
sent, alternating with iron-containing layers. Furthermore,
phases K, L, and N show similar building principles ac-
cording to electron microscopy studies.’! While the details
of the structures need further elucidation, the overall build-
ing principle is well established, producing systems with
magnetic iron blocks well separated by hexagonal perovsk-
ite blocks. These natural magnetic super-lattices may fur-
thermore produce large supercells in which different blocks
may be arranged in various ways. For instance, since J and
L, as well as E and M, are in equilibrium, intergrowths are
possible for these pairs of phases, giving rise to possible
superstructures with ¢ axes beyond 100 A.

4.4. Hexaferrites and Related Phases (Dark Blue)

Phase 1:2:2, BaFe,Ti,0, is a hexaferrite-related system
consisting of R-blocks only.®¥ It is in equilibrium with
phase 12:14:15, the framework-type phase A, the hol-
landites, and phases D and F. Interestingly, the magneto-
plumbite BaFe,0,9 is not in equilibrium with 1:2:2, despite
the close structural relationship. Since the iron-only R-
block BaFesO,; has a net charge, the inclusion of two tetra-
valent titanium atoms renders the block neutral, resulting
in the formation of phase 1:2:2. Similar stabilization might
be expected from substitution of Zr** or Hf** for Fe.

Magnetoplumbite-type BaFe;,019 (hexaferrite M) has a
solid solution range with TiO,. It is in equilibrium with
BaFe,0,, a hexagonal phase containing tetrahedral Fe only,
Fe,O;, phases B, E, M, Ba(Fe, Ti)O;, K, 12:14:15, D, and
F. In Figure 1, the connection from the hexaferrites via the
magnetic superlattice phases to the hexagonal perovskites is
clearly seen. The large number of different types of hexa-
ferrites, however, are not seen in the phase diagram since
most of them require slightly reducing conditions upon pre-
paration. The exception is phase 1:2:2, which is neutral. In-
tergrowths are to be expected on crystal chemical grounds,
but are not observed in the phase diagram.

4.5. New Family of Ternary BaO—Fe,O;—TiO, Phases
(Red)

New structures are found in the general transition-metal-
rich part of the phase diagram, with an iron/titanium ratio
ranging approximately from 4:1 to 1:2. These phases are
characterized by the presence of fourfold tetrahedral and
also fivefold bipyramidal Fe in new arrangements. The
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Ba,Fe

Figure 7. View of the close-packed layers and stacking arrangement of Ba;,FegTiyOy4; (phase M), a 26L. natural magnetic super-lattice in
which iron-containing layers are separated by the hexagonal perovskite motif; disorder is confined to the iron-containing layers only,
in which barium atoms randomly replace oxygen atoms; adjacent iron atoms show reduced occupancy corresponding to the barium
occupancy factor

structural features show a strong relationship to spinel and  tetrahedra are replaced by barium atoms (layer S2). The
magnetoplumbite. In the case of Ba;,Fe,gTi;sOs4*”! there latter may also be regarded as an hT layer in which two
are five distinct layers, shown in Figure 9. There is a modi- thirds of the tetrahedra have been removed. Layers con-
fied spinel-type layer (sP2) in which two tetrahedra are re- taining octahedra only show symmetrical TigO,, clusters
placed by barium atoms (layer S1), and one in which five made up of six edge-sharing octahedra (layer T1). Further,
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Figure 8. View of the close-packed layers and stacking arrangement of Ba,;Fe ¢Ti330,,7 (phase J), a 54L natural magnetic super-lattice;
the rhombohedral structure has an 18L unique substructure with the hexagonal perovskite motif; disorder similar to that in phase M is
observed in the iron-containing layers

layers with extended octahedron frameworks (T2), and fi- octahedra have been removed (layer P) make up the struc-
nally hP perovskite-type-related layers in which half of the ture. These five different layer types produce the observed
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Figure 9. View of the close-packed layers of Ba,,Fe,sTi;50g4 (phase 12:14:15); four new layer types, intermediate between hexaferrite/
spinel and polytitanate layers, are observed

8L structure with an {SI-T2-T1-S2—-P-S2-T1—
T2—S—...} stacking sequence.

The layers S1, T1, and T2 are again present in phase F,
BayFe,gTisOsq (Figure 10),49 in an {S1-T2—-T1-T1—
T2—-S1-...} stacking sequence. Two modifications with
this stacking were observed, the layers showing different
relative orientations. The hexagonal symmetry of the T1
layer allows the orientation of the subsequent T2 layer to
be changed by 120°. Superstructures with complicated
stacking sequences are therefore possible for these systems.
For instance, a more symmetrical unit cell may be pro-
duced by the stacking of 15 layers, with subsequent rota-
tion of each five-layer block by 120°. Indeed, a unit cell
indicating a 15L structure was previously observed for
phase F.[!

1494
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A further layer type is found in phase I, BasFe,Ti;(O5,*!

(Figure 11), in equilibrium with BaTiO3; and Ba,Fe,Ti403,
as well as with BayFe,Ti;90,; (phase C). Phase I is closely
related to Ba;,Fe,3Ti;50g4, with the S2 and T1 layers pre-
sent, together with a modified T2’ layer. The T2’ layer de-
rives from the T2 layer by removal of one octahedron to
render the layer more symmetric. The combination of the
T1 and T2’ layer again shows the principle of full plane
coverage with two distinct layers, A new modified R-block
of two close-packed layers R1 completes the 9L substruc-
ture found in this hexagonal 18L system. The modified R-
block R1 shows a similar feature of substitution of barium
for a tetrahedron, or, in this case a trigonal bipyramid. The
resulting layers show a two-dimensional framework more
open than the corresponding hexaferrite R-block.

Eur. J. Inorg. Chem. 2003, 1483—1501
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Ba,Fe, Ti.O, (F)

5L 10L

Figure 10. View of the close-packed layers of BayFe,sTisOss (phase F); the 10L superstructure (right) can be derived from the 5L
substructure (left) by rotation of the second layer depicted by 120°; only three of the five different layers of Ba,Fe,sTi;5034, are present,
in the same relative arrangement
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Figure 11. View of the close-packed layers and stacking arrangement of BasFe Ti,0O3; (phase I); three of the six layers are identical to
layers found in Ba;,Fe,3Ti;50g4; furthermore, a modified R-block is seen

The stacking sequence in phase I is very similar to that {P—S2—T1-T2—-S1-T2-T1-S2—P~—...}. In this respect,
in Baj,Fe,3Ti;sOg4. In phase I, it is {P—S2—T1-T2'— phase I (BasFe Ti;(O3;) may be regarded as a modified ver-
R1-T2'-T1-S2—-P—...}, in comparison with sion  of  12:14:15, Ba;,FeyTi;sOg4.  Unlike in
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Ba,Fe,gTi;sOg4, the hexagonal symmetry is retained in
BasFe Ti (O3, due to the higher symmetry of the R1 and
T2’ layers, and the absence of the lower symmetric S1 layer.
Even though the two structures are closely related in their
crystal chemistry, they are not in equilibrium, and so in-
tergrowth of the two would not be expected to occur under
the given growth conditions. Interestingly, phase I displays
an unusual barium coordination of 9+3 oxygen atoms in
which the barium atom is shifted out of the close-packed
plane, creating three short bonds of 2.74 A and three long
bonds of 3.50 A.

A potentially large number of superstructures based on
the various S1, S2, T1, T2, T2', P1, and R1 layers (shown
in Figure 12), may be envisioned. Furthermore, possible in-
tergrowth structures produced under different growth con-
ditions allow some degree of stoichiometric variation. In-

Cg:g.

R MR o

T2

Figure 12. View of the seven different close-packed layers found in
the new BaO—Fe,03;—TiO, phases; the close relationship to the
T2 and T2’ layers can clearly be seen; the S1 and S2 layers are
related to spinel-type layers, as are T2 and T2’ layers; the P and
T1 layers are related to perovskite-type layers, and the R1 layers is
related to the R-block layers in hexaferrite
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deed, observed unit cells show lattice parameters up to
about 40 A, and larger superstructures are possible.

Phases D, B36F645Til70106 and D,, BaFe“Ti3023, which
are related,™ are shown in Figure 13. The two distinct
close-packed layers in phase D show a new building prin-
ciple: the combination of different building units as de-
scribed above within a single layer. For instance, a hexafer-
rite T-block layer composed of tetrahedra, octahedra, and
Ba is combined with the previously described “ring’ struc-
ture from a T2’ layer. Every second row of rings in the T2’
layer is split and expanded by the width of one octahedron
to accommodate the three tetrahedra around an octahedron
and the barium atom. In a similar way, the second layer is
made up of the TigO,, motif from the T1 layer in combina-
tion with the spinel-type sP1 layer of connected octahedra.
In this respect, phase D may be regarded as a special in-
tergrowth of the spinel-type structure and phase I, in which
the combination is within the close-packed layers.

Phase D’, BaFe;;Ti3;0,3, is also composed only of two
distinct layers (Figure 13). The structural motifs are related
to the spinel-type structure, in which, in addition to Ba, the
sP1 and sP2 layers are combined. As a result, phase D’
contains one-dimensional chains within a close-packed
layer based on the substitution of barium for tetrahedra.

5. Dielectric Behavior

The dielectric response of a material may be described by
use of the Clausius—Mosotti theory. This approach is valid
for frequencies well below typical phonon frequencies in a
solid-state material, and far from possible resonances due
to magnetic atoms. In the case of the BaO—Fe,03;—TiO,
system, Fe does not show resonance behavior up to fre-
quencies of a few GHz. The dielectric constant ¢ of a mat-
erial is related to the polarizability o and the molar volume
Vi, With o being the sum over all the individual polarizabil-
ities of the atoms in the molar volume (o = X,0;), according
to Equation (1).

s=l dra (1

The individual polarizabilities have been tabulated,’]

and give reasonable values for the dielectric constant €. To
achieve a high dielectric constant, it is therefore necessary
to pack large atoms that are easily polarized in as small a
volume as possible. As a guide, the value of (4na/3V,,)
should be close to 1.0. In the case of cubic BaTiOs, this
expression is approximately 0.9975, giving a calculated €
value of 1200. If (4na/3V,,) is exactly 1.0, the expression
diverges, giving a nonphysical value, and values larger than
1.0 would result in negative dielectric constants. The tem-
perature dependence of the dielectric constant is related to
the thermal expansion coefficient, since, to first order, only
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Figure 13. View of the close-packed layers in BagFeys— Tis— O;¢6 (phase D, above) and BaFe,;Ti;0,3 (phase D', below); different building
blocks are combined within a single close-packed layer; for instance elements of the T1 layer combines with the T2 layers, and elements
of the T2’ layer combine with sP1 spinel-type layers in BagFes5  Ti144 0106 (phase D); similarly, the combination of spinel-type elements
and barium atoms within single layers are also observed for BaFe;;Ti30,;

the molar volume ¥, has a temperature dependence of the
form V(T) = Vy(1 + BT). For technological use, a vanishing
temperature dependence of ¢ is desirable, therefore exclud-
ing isotropic materials. Lower symmetry systems offer the
opportunity of smaller temperature dependence of the
molar volume, in which an expansion in one direction may
be offset by a contraction in an other direction, resulting
in a small or even zero overall thermal volume expansion

1498

coefficient. The values for atomic polarizabilities given
are:3 barium (Ba2") 6.40 A3; iron (Fe3*) 2.29 A3; titanium
(Ti**) 2.93 A3; oxygen (027) 2.01 A3,

With these values, reasonable estimates of the dielectric
constants of the phases found in the BaO—Fe,O3;—TiO,
system are obtained, assuming that the transition elements
are in their expected valence states (i.e., no reduced titanium
or reduced/oxidized iron atoms are present).

Eur. J. Inorg. Chem. 2003, 1483—1501
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Estimated dielectric constants ¢ of a few selected com-
positions are given in Table 2. The values for the various
compounds indicate the expected trend of lower dielectric
constant with higher iron concentration, due to the reduced
polarizability of iron versus titanium. Furthermore, higher
barium concentrations would also be expected to increase
the dielectric constant, as is reflected in the higher & seen
in phase M, Ba,FegTigO,;, for which the estimated ¢ is of
the order of 46. However, these values represent an approxi-
mation and do not take into account any loss mechanisms
that may arise from mixed iron valence or reduction of tita-
nium during the synthesis of the material.

Table 2. Estimated dielectric constants of selected compositions

Compound €est.
BaFe,Ti,O,; (1:2:2) 30
Baleengi15034 (121415) 26
BazFezTi4ol3 (A) 11
Ba3FeloTi020 (B) 10
Ba4FezTi10027 (C) 27
BagFeysTi170106 (D) 25
BaFe”Ti3023 (D/) 23
Ba4Fe23Ti5O56 (F) 23
Ba”FezTiz()O“ (G) 31
BasFe4Ti10031 (I) 33
BaysFeTi330117 (J) 46
BallFegTi9041 (M) 47

It is clear from the above that systems based on channel
structures are in general less efficiently packed than close-
packed structures, and so polarizabilities per molar volume
tend to be smaller for the channel-type structures.

Since the polarizability of barium is roughly twice that of
titanium and almost three times that of iron, it is possible
to increase the dielectric constant by substituting Ba in
place of an iron tetrahedron. This substitution principle has
been observed in the phases discussed above, and is re-
flected in the higher dielectric constants, both estimated and
observed, for the barium-rich systems. The highest concen-
tration of Ba would be expected for BaO (cubic rock salt
type), but the estimated dielectric constant is only of the
order of 15. Here, the molar volume is markedly larger than
in comparable BaO—Fe,O5;—TiO, phases, due to the lattice
contraction (reduction in molar volume) produced by the
higher charge on the transition metal atoms in interstitial
sites.

6. Magnetic Behavior

The magnetic properties of the new phases in the
BaO—Fe,03;—TiO, system are not yet fully established.
However, the ferrimagnetic behavior of the hexaferrites is
well known and documented.!>!

In the BaO—Fe,O5;—TiO, phases as prepared, iron is pre-
sent as Fe3™, the desired valence state for low loss behavior.
Free trivalent Fe is in a %S5/, state, with a free magnetic
moment of 5.92 pg. In cases of spinels and hexaferrites, the
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individual magnetic moments for trivalent iron are the full
spin-only moment of 5.92 pp, but the magnetic superex-
change produces antiferromagnetic coupling between the
iron sub-lattices, reducing the net magnetic moment. Super-
exchange tends to produce antiferromagnetic spin align-
ments, although more complicated spin structures are pos-
sible.??! Furthermore, the crystal field may produce low-
spin iron. All these effects tend to reduce the overall mag-
netic moment per formula unit. Dilution of iron with non-
magnetic titanium induces changes in the magnetic coup-
ling while reducing the number of spins. In special cases,
an increase in the magnetic moment is possible if strong
antiferromagnetic coupling is reduced.

At low iron concentrations, paramagnetic behavior with
antiferromagnetic interactions would be expected, as ob-
served, for instance, in the case of BasFe,Ti;qOs3;,. Here,
paramagnetic behavior was observed at room temperature,
with cooperative interactions apparent below 250 K, but
without magnetic order at low temperatures.*!! The effect-
ive magnetic moment per iron atom, obtained from the
high-temperature susceptibility, is 5.12 pg, close to the free-
atom value. The negative Weiss constant of ® = —190 K
indicates that the dominant interactions are antiferromag-
netic in nature. Furthermore, possible magnetic cluster
formation is reflected in the behavior of the susceptibility.

Similarly, BagFe4sTi;70106 (phase D) shows Curie—Weiss
behavior, with a high-temperature effective magnetic mo-
ment of 34 pp per formula unit (45 iron atoms), and ® =
—806 K, indicating strong antiferromagnetic interactions. A
magnetic transition below 100 K was observed, and was at-
tributed to a small amount of a strongly magnetic impurity,
such as BaFe;,019. In comparison with Ba;,Fe,gTi;50g4,3"
a phase with less overall iron that shows a ferromagnetic
Curie temperature well above room temperature,
BagFe4sTi;70,06 1s an exceptionally weak magnet. Appro-
priate chemical substitutions would be likely to improve
magnetic properties by reducing the antiferromagnetic
coupling between different sub-lattices.

The natural magnetic super-lattices found in the regions
with low overall iron content merit further investigation,
since the iron atoms are preferentially found near to one
another. In this way, magnetic interactions within the layers
may occur at higher temperatures than might be expected
from the overall iron concentration alone. In addition, the
two-dimensional character of the structure should be re-
flected in its magnetic behavior.

7. Conclusions and Outlook

The BaO—Fe,O3;—TiO, system shows a wealth of new
phases with interesting structural, dielectric, and magnetic
properties. The crystal chemistry of a majority of the phases
in this system is based on close-packed structures made up
of {O,Ba/O} layers. With relatively few distinct types of
layers, combining octahedra, tetrahedra, trigonal bipyr-
amids, and barium atoms, a rich variety of stacking se-
quences with different combinations of the various layers
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are found. In the polytitanate-related phases, new types of
layers with complexity intermediate between that of the
hexaferrites and that of polytitanates form. As in the hexa-
ferrites, superstructures with long periodicities develop, all
based on a few common types of layers (Figures 2, 5, and
12). Furthermore, preferential ordering of Fe in distinct
layers well separated from each other produces natural
magnetic super-lattices. Relationships between structures,
based on the stacking arrangement of similar layers in vari-
ous ways, can be identified in the BaO—Fe,O;—TiO, sys-
tem. In contrast to the barium polytitanates, which often
show low crystallographic symmetry, the mixed barium
hexaferrites tend to exhibit higher symmetries based on
hexagonal features.

The polarizability of iron is smaller than that of titanium,
and substitution of Fe for Ti reduces the overall dielectric
constant. This is offset in part by the ability of Fe to occupy
tetrahedral interstitial sites, allowing a higher concentra-
tion. Phases with high dielectric constants are therefore ob-
served in the mixed iron/titanium systems.

Most microwave materials in use today are composite
materials, so knowledge of the phase diagram provides cru-
cial processing information. Combination of hexaferrites
and barium polytitanates in a composite process should
produce phases described above. Since properties are addi-
tive in ceramic composites, knowledge of physical and
chemical properties is crucial for tailoring of a material to
maximize its performance.

The large number of new phases observed in the
BaO—Fe,0;—TiO, phase diagram has produced new in-
sights into the crystal chemistry of these phases. Since the
cut of the phase diagram was carried out at 1275 °C, more
phases are likely under different preparation conditions. So
far, the presence of Fe3" has been needed for microwave
applications. However, reduced oxygen pressures may
stabilize other new, as yet unknown phases. The rich crystal
chemistry observed in this system may be expected to ex-
tend into related phases, prepared under different syn-
thesis conditions.
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