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The ternary system BaO-Zn(Q-Ti(), is of great interest for use in the production of microwave dielectric
ceramics, as the temperature coefficient of the dielectric constant for a ternary phase in the system
has the opposite sign from that of the major component in such devices, BaTi,0;. The ternary system
has been found to contain four ternary phases, ideally BaZn,Ti,0y,,Ba,ZnTi; 0y, Ba,ZnTi0)5, and
Ba,Zn, Tig_, O —hollandite. Compatibility triangles for the ternary system have been established and
the crystal chemistry and crystal structure of each of the phases was investigated. The phase equilibria
data and crystal structures are compared with those encountered in the binary system and other
ternary and more complex systems involving barium polytitanates.

1. Introduction

Commercial devices in the microwave in-
dustry often use barium polytitanates,
BaTi, Oy and Ba,TisO4, as the major con-
stituents in high frequency dielectric ce-
ramics. Other phases often utilized are
ZrTi0,: SnQ, and Ba,, Smy_ o7, TigOyy (1)
(0 = x = I). These ceramics are used in
applications requiring a high dielectric con-
stant, very low dielectric loss (high @) at
very high frequencies, and a near zero tem-
perature coefficient of the dielectric con-
stant. Unfortunately the barium polytita-
nates with high dielectric constants and high
Q, BaTi, O, (1:4) and Ba,TigOy (2:9), have
a negative temperature coefficient for the
dependence of the dielectric constant. Re-
cent devices on the international market uti-
lize ZnO as an additive to counterbalance
the negative temperature coefficient (along

with other chemical constituents to insure
low loss at high frequency). This is partially
based on a report that a phase identified as
3BaO - 12Ti0, - 7Zn0 has a positive temper-
ature coefficient (2). As dielectric properties
for coexisting phases are essentially addi-
tive, the presence of secondary phases can
be used to modify the properties of a given
major constituent. Unfortunately the phase
equilibria and crystallographic data given in
the original report (2) could not be verified,
50 this study was initiated to help verify the
real nature of the phases which might be
encountered in the system when ZnO is
added to barium polytitanates.

2. Binary System Phase Equilibria

2.1. BaO-ZnQ

Although no phase equilibrium diagram
has been previously published for the sys-
0022-4596/93 $5.00
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tem BaO-Zn0Q, the compound BaZnQ, has
been previously reported (3). The crystal
structure of this phase was deduced from
powder data as a ‘‘stuffed”’ B-quartz type
and has a hexagonal unit cell, a = 5.8908,
¢ =6.7362 A. This system is currently being
examined in detail and will be reported ina
future publication (#). However, no other
compound has been detected in the binary
system and as the equilibria in this binary
do not affect the data for the polytitanate-
type phases it will not be further reviewed
in the present publication.

2.2. ZnO-Ti0,

Phase equilibria in the ZnO-TiQ, system
were reported by Dulin and Rase (5), and
reproduced as Figure 303 in Phase Diagrams
for Ceramists (PDFC) (6). Only the spinel-
type phase Zn,TiO, (7) is stable at high tem-
perature, as ZnTiO, apparently has a maxi-
mum stability temperature of about 945°C,

2.3. BaO-Ti0O,
2.3.1. Phase Equilibria

The binary system BaO-TiO, has been
extensively studied because of the many
useful properties of its compounds. It was
first described by Rase and Roy (8) (PDFC
213) as containing Ba,TiO, (2:1), BaTiO,
(1: 1) with both cubic or tetragonal and hex-
agonal polymorphs, BaTi,Os (1 : 2}, BaTi, 0,
(1:3), and BaTi,Q, (1:4). Negas er al. (%)
{PDFC 4302) showed that BaTi,O; did not
exist at temperatures between 1200°C and
the solidus, ~1320°; that the compound
BaTi,0,(**1:3"") did not exist but was made
up of two phases having the compositions
BaTi;04 (6:17) and Ba,Ti;05 (4:13);
and that another phase Ba,Tig0,, (2:9) was
aiso stable between ~1200-1300°C. Roth
and co-workers (/0) using amorphous pre-
cursor c¢thoxide specimens found that
BaTi,0, was stable at low temperatures but
decomposed at a temperature slightly above
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1130°C, although it was easily prepared by
quenching the eutectic liquid near this com-
position. 1In addition the compound
BaTisO, (1:5) was also found to be stable at
low temperatures but decomposed at about
1200°C. (’Bryan and Thompson (/1),
PDFC 5135, refined the melting points of
the polytitanates and in the latest version
Kirby and Wechsler (/2) have again slightly
modified the melting points and emphasized
that only 6:17,4:13, 1:4,and 2:9 are sta-
ble above 1250°C. The phase ‘‘Ba,Ti;0,,"
{2:5) which had been reported to be stabi-
lized by isovalent SnQ, or ZrQ, substitution
(13) was found to occur at very low tempera-
ture in the pure ¢thoxide precursor but to
be stable at high temperature only with the
addition of ZrQ, (i4).

2.3.2. Crystal Structure

The unit cell dimensions of the barium
polytitanates (/5) as well as the ternary
polytitanates are shown in Tabie I. The
crystal structures of the barium polytita-
nates have been very extensively studied.
As the dielectric properties of ceramics are
strongly structure dependent, it is of interest
to thoroughly understand these structures
in an attempt to learn how to fine-tune the
necessary properties for different applica-
tions.

The various polytitanates can be classi-
fied into two structure types: (1) anions in
mixed “*cubic’’ packing, with regions of cor-
ner-sharing octahedra in an ReO;-like array
(anions in approximately face-centered cu-
bic packing) and regions of edge-sharing oc-
tahedra (anions in approximately body-
centered cubic packing); the occupied octa-
hedra form double layers perpendicular to
4-fold axes of the octahedra and share edges
between the two levels of this layer and cor-
ners or edges within one level (see Fig. 1a).
(2) anions and Ba?' cations in (approximate)
hexagonal closest-packing, with occupied
octahedra forming discontinuous layers per-
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TABLE 1
UNIT CELL DIMENSIONS OF THE BINARY AND TERNARY POLYTITANATES

Symmetry
and Number
Notation space of
phase group a ] c @ B8 ¥ layers References
Cubic Packing

1:2 moenoc

BaTi. 0, C2im 16.914(1) 3.9345(3) 9.4122(7) — 103.114(6) — (1517}

1:4 ortho

BaTi,Oy Pramm 6.2940(5) 14.5324(1) 3.7972 — — — — (15, 18, 19}

2:1:5 monoc

Ba,MgTi;O Clm 15.208 3.899 9109 — 98.5 — — 3

Ba,ZnTiOy C2im 15.235 3.8416 9117 — 98.5 — — present
wark

Hexagonal Packing

6:17 monac

BagTi;0m CYm 9.890(1} 17.1172) 18.933(2) — 98.71(1) — 8 (%, 15, 200

4:13 oriho

Ba,Ti ;04 Cmca 17.0TH2) 9.862¢(1) 14.059(1) — — — 6 (9,15, 21

2:9 tricl

Ba,TiyOy P 7.471 14.081 14.344 89.94 79.43 84.45 6 (22, 26}

1:5 monoc

BaTisO,, P2in T.6691(4) 14.04 10(8) 7.5335(5) — 98.359(5) — 6 (15,23, 25

1:6 tricl

BaTi 0, PT 7.510(2) 9.852(3) T461(2)  105.3B(3) 118.90(3} 72.58(3) 4 (24)

11:28-42:57 monac

Ba, TiyOuO Clim 13.528 11.482 9.941 ~90 — 10 (14)

4:2:10 monoc

BayAlLTi00n C2im 19.737 11.349 9.837 — 199.4 — 8 3

4:1:11 monog

Ba,ZnTi, 05 C2im 19.898 11.467 9.915 — 109.5 — ] present
work

6:2:14 orth

BagNb,Ti; 40 Cmcl, 17.138 9.868 18.759 — — — B (35)

10:2:28 monoc

BagNb,Tiu07 Clm ~9.87 ~17.14 16.72 — 101.2 — 7 (35)

9:1:27 monoc

BagNbTiy O CXm -~9.87 ~19.14 ~30.65 — ~96 - 13 35

14:2:40 orth

Bay,Nb,TigOg  Cmc* ~17.14 ~9.87 ~46.86 — — — 20 (35}

1:2:4 orth

BaZn,Ti,0y, Prnab 10.1189(5) 11.5906(6)  14.1338(T) — — — — present
work

pendicular to three-fold axes of the octahe-
dra; the octahedra are ¢ither isolated or
share edges within a layer (see Fig. 1b). Oc-
casionally, occupied octahedra in adjacent
layers can share a face.

The ideal structure of such polytitanates
can then be described by the number of such
layers in the unit cel] and the distribution of
Ba?* and Ti'* ions within these layers.

The patterns drawn by ali these structures
are dictated by the A-cation:B-cation:
anion ratios and by the crystallographic
symmetry, The octahedrally coordinated

Ti** ions always form an ‘“‘acsthetically
pleasing”™ pattern and the thermodynami-
cally more stable phases adopt the higher

Fi1G. 1. Representation of Ti and (Ti, Me) octahedra
for (2) Body centered cubic packing of anions. The
darker octahedra are in the upper level of a two-level
layer. (b) Hexagonal close packing of anions, showing
corner and edge sharing of octahedra.
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symmetry orthorhombic structures. Each
structure is unique to a given stoichiometric
compound and gross deviations from
stoichiometry result in formation of a sec-
ond phase. Introduction of more than a few
parts per million of aliovalent ions results
in the formation of a second phase, or an
extended defect usually detectable by high
resolution electron microscopy (HREM)
lattice imaging.

2.3.2.1. Cubic packing. Two of the barium
polytitanates have structures which can be
described as based on cubic packing of
anions, with Ba ions occurring at the same
levels as the oxygens. The crystal structures
of BaTi,O; and BaTi,O, are shown in Figs.
2 and 3 in ideal form. The atomic positions
in the refined structures published for each
of these phases, (16, 17) for 1:2 and (I8,
19) for 1:4, deviate only slightly from the
ideal positions.

2.3.2.2. Hexagonal packing. The struc-
tures of the other polytitanates are more
complex, but can be illustrated as made up
of hexagonal close packed layers with
4-6-8-10 layers per unit cell. Each of the
orthorhombic and monoclinic compounds
has one dimension of ~17 A or ~10 A and
the other of about 9 A. The unit cells are
either 6 octahedra wide (~17 A)or 4 octahe-

F16. 2. Ideal representation of the crystal structure
of BaTi,0Qs, after (16,17). As in Fig. la the darker octa-
hedra are in the upper level.
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FiG. 3. Ideal representation of the crystal structure
of BaTi O, after (18, 19). As in Fig. la the darker
octahedra are in the upper level.

dra wide (~10 A) and generally 4 octahedra
long (~9.8 A). For the ~17 A-type unit cell
each close-packed layer contains 6 X 4 =
24 hexagonal intersection nodes. Thus, for
each layer, the sum of Ba’* + O +
vacancy = 24. A vacancy can only occur
if two Ba ions substitute for three oxygens
in a row, leaving the vacancy between the
two barium ions. For the ~10 A cell the
sum of the Ba?* + O* + vacancy = 4 X
4 = 16. The number of hexagonally packed
layers is a multiple of the thickness of a
layer, ~2.3A, times 4, 6, 8, 10 (or some-
times even an odd number for some ternary
phases). The crystal structure of each of
the polytitanates is shown in ideal form,
in Figs. 4-8. Ba,Ti ;04 (6: 17} (9, 20}, Fig.
4, is an eight layer phase with monoclinic
symmetry while Ba,Ti;;O4, (4:13) (9, 21)
is an orthorhombic six layer phase with a
very similar but more symmetrical distribu-
tion of titanium octahedra in the layers.
In fact the 4:13 phase and its structure,
Fig. 5, were predicted by Negas et al.(9)
based on the published structiure of the
6:17 phase (20}, without previous knowl-
edge of its existence. The structures of
Ba,Tiy0, (2:9) (22), Fig. 6, and BaTi;O,,
(1:5) (23), Fig. 7, also obey these cation/
cation/anion ratios. The 2:9 phase is tri-
clinic with a unit cell 6 octahedra wide
but only 3 octadedra long, while 1:5 has
monoclinic symmetry and with a unit cell
(~7.5A) only ~3 octahedra wide and long.
Another triclinic structure, Fig. 8, has been
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Fi1G. 4. Ideal representation of the crystal structure
of Ba,Ti;;0, at the eight Ti levels in the unit cell, after
(19, 20). In this and all subsequent structure diagrams
of Ba-containing phases, the dark and light circles rep-
resent Ba atoms at the oxygen levels above and below
the metal atoms respectively.

reported for a metastable crystal obtained
only from a melt with the composition
BaTiO,; (1:6) (24) and its unit cell is also

Fi1G. 5. ldeal representation of the c¢rystal structure
of Ba,Ti;y0y at the six Ti levels in the unit cell, after
(19, 20).

only ~3 octahedra wide. These compounds
often exhibit extended defects which gen-
crally accommodate the same composition
as the original (25, 26). Although theoreti-
cally such defects could account for non-
stoichiometry as found for the cubic pack-
ing of the Nb,0.~WO, phases (27, 28}, no

Fi1G. 6. 1deal representation of the crystal structure of Ba,Ti;;04 at the six Ti levels in the unit cell.
Large circles are Ba and small circles are oxygen not coordinated to a Ti atom at the level indicated,

after (22a,b, 26).
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FiG. 7. Ideal representation of the crystal structure
of BaTi;Oy; at the six Ti levels in the unit cell, after
(23, 25, 42).

such defects have been reported in the
BaO-Ti(Q, phases.

3. Ternary Systems
3.1. BaO-TiO,—Zr0,

The ternary systems BaO-TiO,-ZrO,
and BaO-Ti0,~Sn0O, were reported by

FiG. 8. Ideal representation of the crystal structure
of BaTizOy; at the four Ti levels in the unit cell, after
(24, 25).
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Jonker and Kwestroo (13) long before it was
realized that the “*1:3"" phase did not exist.
However, both systems were reported to
contain the 2 : 5 phase which was not known
for the binary system. In an attempt to de-
fine the stability of the 2 : 5 compound, Roth
et al. {I4) noted that it only occurred at
temperatures below ~650° for ethoxide pre-
cursors in the binary system; it was stable
at high temperature only in the ZrQ, system
and not in the SnQ, system. A phase equilib-
rium diagram of the BaO-Ti0,-ZrO, sys-
tem after {(/3) but revised to obey the cur-
rently known equilibria (J4, 29) is given in
Fig. 9. A crystal of the ’2: 5" phase was
used in (/4) to establish that the structure
is that of an cight-layer ~10 A hexagonally
packed type with monoclinic symmetry
(mistakenly labeled triclinic in {/4)). The
ideal structure of this phase is shown in Fig.
10 from as yet unpublished data of Gate-
house et al. (30). Its structure turns out to
contain 11 Ba?* to 28 Ti** ions (2: 5 = 28.57
mole percent BaO while 11:28 = 28.205
mole percent BaQ) and 66 instead of 67 oxy-
gen tons, Ba; Ti00. Either the phase is
stablized by some trivalent impurity (AP*)
or an extra oxygen may be partially filling
the site marked as a vacancy in Fig. 10.
Reduction of some of the Ti** to Ti*t is not
a likely explanation as the phase is white/
transparent not black or dark grey.

3.2. BaO-TiO,-ALO,

The ternary system BaOQO-TiQ,—AlLQ,
contains several ternary phases and the pre-
viously reported diagram (31) PDFC 6643
is reproduced here as Fig. 11. This system
contains a nonstoichiometric solid solution
with the hollandite structure and the formula
Ba Al ,,Tig_ 206 (1.14 = x = 1.23). The
nonstoichiometric  hollandite phase is
known to be detrimental to high Q (low loss)
microwave dielectric properties. Another
phase, Ba,ALTi;g0y; (4:2:10), belongs to
the ~10 A hexagonally packed series. The
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FiG. 9. Phase equilibria diagram of the system BaO-TiOQ,-Zr0,, modified from (13, 29).

ideal structure is shown in Fig. 12 based on
the crystal structure published by Schmach-
tel and Miiller-Buschbaum (32). Note that
this composition differs from that of
“*BaTi,O;"" by 1 of an oxygen atom and in-
deed the reduced phase Ba,Ti3*Tiji O,, was
reported to exist (32).

3.3. BaO-Ti0,-MgO

The system BaO-TiO,—~Mg(O was also
previously reported in (3/) and as PDFC
6632. This system also contains the nonstoi-
chiometric hollandite phase Ba, Mg, Tis_,
O, as well as two other ternary phases. One
of these represents the phase BaMg
Ti,0,, and because of its hexagonal struc-
ture was named barium hexageikielite in
analogy to barium hexaferrite and ‘*barium
hexaluminate®’. The other compound was

mistakenly assigned the compositon BaMg
Ti;O4 (1:1:3). However, the unit cell di-
mensions of this phase and additional exper-
imental data in the present system indicate
that the composition is really Ba,MgTi;O;
{2:1:5) and is isostructural with potassium
hexatitanate K,Tig0,, (33). The revised
phase diagram is given in Fig. 13.

3.4. BaO-Ti0,-Nb,O;

The system BaO-TiO,-Nb,0; contains a
large number of ternary phases (34, 35).
Those phases which belong to the ternary
hexagonally packed polytitanates are de-
scribed (35) in Fig. 14. The most stable of
these polytitanates is an 8-layer orthorhom-
bic phase BagNb,Ti;;04. The ideal struc-
ture based on space group Cmc2, rather than
Cmecais shown in Fig. 15 from data obtained
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Fi:. 10. Ideal representation of the crystal structure
of the phase originally designated as Ba,Ti;0; (13, /4).
The crystal structure refinement {(30) indicates that the
true formula is Ba; TiuOg with the 67th oxygen ion
possibly in any of the vacancy positions denoted by
X.

from single crystals (30). At least three other
polytitanates have been isclated in this sys-
tem. Although their exact compositions and
structures have not been refined by single
crystal structure determination, the pro-
posed compositions, symmetries and num-
ber of layers were determined from isolated
crystals (35). These phases are a 7-layer mo-
noclinic phase, Ba;;Nb,Ti,304,; a 20-layer
orthorhombic  (Cmc*) phase, Ba,Nb,
TigOge; and a 13-layer monoclinic phase,
BagNbTi;0Og. All these barium niobium
polytitanates have the 6-octahedra wide
(~17 A) type unit cell.

3.5. BaO-TiO,~Zn0O

Phase equilibria in the system BaO-
Ti0,—Zn0 have not been previously re-
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ported. However, the system BaTi,O,
(1:4)-Zn0O was studied (2). It was stated
that about 5 wt% zinc oxide went into solid
solution in BaTi,Q, and a second phase oc-
curred whose composition was stated to be
Ba,Ti,Zn,0,,. It was pointed out that this
phase had the opposite sign to the tempera-
ture coefficient of the dielectric constant
(positive) and therefore could be used to
compensate the negative coefficient in ce-
ramic specimens of BaTi,0y. The com-
pound was said to be orthorhombic with a =
6.390, b = 6.875, ¢ = 7.045 A and a partially
indexed X-ray pattern was published. Un-
fortunately, these numbers are incorrect
and fail to adequately index the reported
pattern.

About 35 specimens were prepared by
solid state reaction and heat treated as pel-
lets, first at 1000°C and then at 1250°C on Pt
foil. All specimens were mixed and ground
together from BaCO,, 99.99% TiO, (with no
P,0O; or 5i0, as impurities) and ZnQ. Some
of the specimens were again treated at
1350°C to see if equilibrium conditions
changed. Specimens were often given sec-
ond or even more heat treatments at a given
temperature to ensure equilibrium, In por-
tions of the system where melting was sus-
pected to occur between 1250 and 1350°C
specimens were heated and quenched in a
vertical tube furnace in sealed or unsealed
Pt tube containers. All furnaces were cali-
brated at the melting point of Au, 1063°C.

The phase equilibrium diagram derived
from the data obtained from X-ray diffrac-
tion powder patterns of the prepared speci-
mens is shown in Fig, 16 and an enlarged
version of the high TiO, corner is shown in
Fig. 17. BaTiO, apparently accepts less than
about 2 mol% ZnO in selid solution. No
solid solution of ZnO in any of the binary
barium polytitanates was cbserved. The
system contains at least four ternary phases.
The ternary phases shown in Figs. 16 and
17 which are stable at 1250°C are (1) Ba,Zn,
Tiz_, O with the hollandite structure, (2)
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FiG. 1. Phase equilibria diagram of the system BaO-TiQ,-ALQ, from (31), PDFC 6643A.
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FiG. 12. Ideal representation of the crystal structure of BayAlyTi 0O, after (32). The phases Ba,Mg
Tiy Oy and Ba,ZnTi;;O; are apparently isostructural. U and D indicate octahedra that share faces
with another octahedron above or below, respectively.
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Fi1G. 13. Phase equilibrium diagram of the system BaO-Ti(,—MgO modified from (37), showing the
two newly located compounds Ba,MgTi;,0,; and Ba;MgTi;0,;.
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FiG. 14. Enlarged portion of the polytitanate region of the phase equilibria diagram of the system
BaO-Ti0Q,-Nb,0O; from (35).
108
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FiG. 15. Ideal representation of the crystal structure
of BagTi yNbyOy, at the eight (Ti, Nb) levels in the unit
cell, after (30). Yacancies are denoted by X.

105

Ba,ZnTi,,O,;—isostructural with Ba,Al,
Ti;Oy7. (3) Ba,ZnTi;O,——apparently iso-
structural with potassium hexatitanate, K,
Ti0;, and Ba,MgTi;O,;, and (4) BaZn,
Ti,O,, or Ba,Zn,Ti;;O;; rather than the
previously reported composition Ba,Zn,
Ti;3054, which has a unique structure, as
reported below. Single crystals of each of
these phases were grown by heating appro-
priate compositions in sealed Pt tubes above
about 1400°C and slow cooling, generally
at 3°C/hr to 1250°C. Single crystals were
picked from the cooled melts and examined
by single crystal X-ray precession patterns
to establish the symmetry, unit cells, and
space groups and unit ¢ells as shown in Ta-
ble 1. This technique proved that the pre-
viously reported phase was orthorhombic
with space group Pnab and unit cell dimen-
sions ¢ = 10.118%(5), & = 11.5906(6), ¢ =

Bab

Xy = Bag(ZnTiy)Co7
Xp = Bay(Zn2Titg)026
o,
o 20 40 80 ZoT 80 100
TiO, Mol % (1530°-50° min) Zn0

FiG. 16. Phase equilibria diagram of the system BaO-Ti0O,-Zn0. Filled circles represent compounds
stable at 1250°, Open circles represent compositions of most of the specimens prepared for the study.
Dotted arrow represents the apparent direction of the maximum amount of solid solution of ZnQ in

BaTiO,.
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F1c. 17. Enlarged portion of Fig. 16. Dashed line illustrates the tie line BaTi,Qs—Zn0 which apparently
lies just below the join for the two phase tie line of BaTi,0p—**BaZn,Ti,0;,."

14.1338(7) A, after the powder pattern was
refined by least square analyses.

The X-ray powder diffraction patterns of
the compositions near BaQO:2Zn0:4Ti0,
(1:2:4) heated to temperatures of 1000°C
and below, always show a phase similar to
the one obtained at higher temperatures but
enough different that it obviously represents
a different phase. Despite numerous at-
tempts to synthesize single crystals of this
low temperature form we still do not know
its compasition or unit cell. The high tem-
perature form does not reverse with re-
peated heat treatments at 1000°C. Attempts
to grow crystals with a flux of barium borate,
boric acid, or barium vanadate by slow cool-
ing from 1000°C all results in formation of
crystals of the high temperature form. Heat-
ing the 1:2:4 compaosition with boric acid
at 900°C results in a slightly more crystalline
version of the low temperature phase to-
gether with various borate phases but no
usable single crystals. Attempts are still un-

derway to determine the compeosition, unit
cell, structure, and stability of this phase
and further details will be reported at a later
date.

4. Crystal Structure Determination

Among the four ternary phases discussed
above, Ba,ZnTi;0,; and BaZn,Ti,0,, have
been studied using single crystal diffraction
techniques. Preliminary examination and
data collection for these two compounds
were performed on a computer-controlled
diffractometer' using single crystals pre-
viously examined with a precession camera.
Cell constants and orientation matrices for

! C AD4 Diffractometer, Enraf-Nonius, Inc. Nether-
lands. This equipment is identified by trade name in
this article for complete specification of experimental
procedures. Such identification does not imply recom-
mendation or endorsement by the National Institute of
Standards and Technology.
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data collection were obtained from least
squares refinements, using the setting angles
of 25 reflections in the range of 10° < ¢ <
16° for Ba,ZnTis0O,; and 13° < § < 24° for
BaZn,Ti,0,;. Three standard reflections
used for monitoring the stability of the crys-
tal showed negligible variation in intensity.
A semiempirical absorption correction was
performed by using the psi scan technique
(36). Lorentz and polarization corrections
were applied to both data sets (36). The
structure solution and refinements were car-
ried out on a VAX computer using the soft-
ware suite MOLEN (37). In both com-
pounds it was found that mutual substitution

of atoms, i.e., Zn for Ti and Ti for Zn, proba-
bly occurred, indicated by abnormally small
or large temperature factors. The disordered
atom method (MOLEN) was applied for re-
finement. In this method, the atomic posi-
tions and thermal parameters for the two
types of atoms sharing the same site were
constrained to be the same, Table II summa-
rizes the experimental and structural solu-
tion details. The relatively higher R value
for the compound BaZn,Ti,O,, may be due
to incomplete correction for absorption er-
ror. Note that the unit cell of this platy crys-
tal is considerably larger than that of Ba,Zn
Tis0,. Tables 11Ia and 11Ib give the posi-

TABLE 11
CRYSTALLOGRAPHIC AND STRUCTURE SOLUTION DETAILS

Ba,ZnTisOp

BaZn,Ti,O,,

Crystal dimensions
Crystal system
Space group

Cell parameters

0.15 > .005 x (.13 mm

Monoclinic
C2im (No. 12)

0.35 x 0.2 X 0.lmm
Orthorhombic
Pbcn (No. 60)

a 15.236(2) 14.14003)

b 3.8992(7) 11.592(2)

c 9.139(2) 10.1173(13)

8 98.78(2)
V4 2 8
Density {caic) 4.87 glem® 5.09 g/lem®
MoKa tadiation 0.71073 A 0.71073 A
Temperature =195 K =795 K
Monochromator graphite graphite
Data range 0 < h <22 0<h< I8

—1<k<5 —15<k<2
—13<i<13 0<I< 13

Reflections

total 1315 2725

unique 1052 2303
Corrections

absorption 32.9%-99.9% on I 48.9%-99.9% on [

extinction [2.19 x 107 [1.03 x 1077
Solution Direct method Heavy atom method
# Reflections 968 (I > 3o) 1719 > 3o
Parameters refined 45 160
Function minimized SwllF,| = |Fl¥ Ewi|F,| — |F
Weight, non-Poisson p = 0.04 p =004
Unweighted residual 0.044 0.064
Weighted residual 0.065 0.097
goodness of fit 2.43 2.59
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TABLE llla
PoSITIONAL AND THERMAL PARAMETERS FOR Ba,ZnTisOy

Atom x ¥ z UL UQR.2) vas  uva U(1,3) U(2,3)
Bal 0.44973(3) 0.000 0.23209(5) 0.0132(2) 0.0085(2) 0.0166(2) 0 0.0011(2) 0
Til' 0.66941(8) 0.500 0.4392(1)  0.0075¢4) 0.0091(4) 0.0087(4) 0 —0.0001(4) 0
TZ? 0.75969(7) 1.000 0.2283(1)  0.0116(4) 0.0105(4) 0.0130(4) 0 0.0034(4) 0
Ti2*  0.61909(8) 0.500 0.0939(1)  0.0085(4) 0.0108(4) 0.0097(5) 0 0.0005(4) 0
01 0.3338(4) =0.500 0.0851(7)  1.18(8)*
0z 0.5715(4) 0.500 0.2991(6)  0.94(N)*
03 0.500 0.500 (.000 L5~
04 0.3710(4} —0.500 0.3856(7)  1.32(8)*
05 0.7355(4) 0.500 0.2398(6)  0.91(73*
06 0.3684(4) 0.000 -0.1100(6) 1.12(8)*
o7 0.2992(4) 0.000 0.5682(6) 0.B0(7)*

Nore. Site occupancy: ' 0.475 Ti + 0.025 Zn; 2 0.2 Zn + 0.3 Ti: > 0.475 Ti + 0.025 Zn. Starred atoms were
refined isotropically. Anisotropically refined atoms are given in the form of the isotropic equivalent displacement
parameter, defined as exp[—2w{h’a’U{(1,1) + U, + PAUG33) + 2hkabU(1,2) + ZhlacU(1,3) +
2kdbcU(2,3)}], where a, b, ¢ are reciprocal lattice constants.

tional and thermal parameters and Tables
IVa and IVb give the selected bond dis-
tances and angles for Bazznleo13 and
BaZn,Ti,0,,, respectively.

4.1. Crystal Structure of Ba,ZnTi,0,

This compound, which was found to be
isostructural with potassium hexatitanate,

K,Ti 03 (33}, crystallizes in the form of thin
sheets. It has a short b axis (3.9 A), which
corresponds to the axial O-Ti-O distance
in a TiO, octahedron. The projection of the
ideal structure along b is shown in Fig. 18.
Figure 19 illustrates the corresponding ex-
perimental packing diagram. The overall
structure can be described as consisting of

TABLE IIIb
PosiTioNAL AND THERMAL PARAMETERS FOR BaZn,Ti,0),

Atom x y 2 UL U2 U3.3) 01,2} UL Lz
Ba 0.09209(4)  0.36639(3) 0.57439(6) 0.0104(3) 0.0121(3)  0.0039(3) —0.0008(2) 0.0007(2)  0.0002(2)
Znl 0.04126(8)  0.11882(8) 0.4088(1)  0.0093(6) 0.0091(d} 0.0014(5)  0.0007(d) 0.0000(43 —0.0005(4}
Zn2 0.3266(1)  0.1075(1)  0.4025(1)  0.0131(6) 0.0163(5) 0.0043(6)  0.0034(5) 0.0027(S)  0.0008(5)
il 0.3227(1)  0.4908(1)  0.1574(2)  0.54(2)*

Ti2 0.3265(1)  0.3645(1)  0.4157(2)  0.58(3)*

Ti3 0.1666(1)  0.2596(1)  0.1820(2)  0.0080(7) 0.0107¢6) 0.0024(8) —0.0010(6) 0.0008(7} —0.0001(6}
Ti4 0.000 013672}  0.750 0.007(1)  0.0096(6) 0.005(1) 0 0.001¢1) 0

Tis 0.000 0.3997(2)  0.250 0.008(1)  0.0092(9) 0.006(1) 0 0.000(1) -0

o1 0.2527(5) 0623405  0.2421(9)  0.7(1)*

o2 0.0815(5)  ©.1194(5}  0.5940(8)  0.6(1)*

o 0.4099(5)  0.48275)  0.321AT)  0.6(1)*

04 0.0837(5)  0.2618(5)  0.3238(8)  0.6(1)*

0s ~0.0794(5)  0.2464(5)  0.6641(8)  0.8(1)*

06 —0.0998(5)  0.1233(5) 041087y  0.3(1)*

o7 0.2651(5)  0.24355)  0.5021(8)  0.7(1)*

o8 —0.0874(3)  0.3739(5)  0.3987(8)  0.7(1)*

09 0.2550(5) 0372347 0.25018)  0.5(1)*

010 0.2529(5) 0.4922(6)  0.4986(8)  0.7(1)*

o1l 0.0712(5}  0.5073(5}  0.3440(h  0.5(1)*

Note. Site accupancy: ' 0.81 Zn + 0.15 Ti and 4% vacancy; 2 0.89 Ti + 0.11 Zn; * 0.89 Ti + 0.11 Zn.
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Fi1G. 18. Ideal representation of the crystal structure
of Ba,ZnTis0,;, apparently isostructural with Ba,Mg
TisO; and with K TigO; (/7).

zigzag ribbons of (Ti,Zn)O, octahedra run-
ning along ¢. Each repeating unit in these
ribbens comprises a set of three edge-shar-
ing octahedra connected to three other edge-
sharing octahedra at a level of one-half unit
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cell down (and up) along 4. The cation posi-
ttons (T1,Zn) of the latier octahedra are dis-
placed half an octahedron unit so they are
almost directly below (and above) an oxy-
gen apex. No face-sharing of octahedra is
found.

This is a relatively open structure. Rect-
angular open channels of approximate size
3.2 by 2.9 A can be seen running through
the structure paraliel to » and passing
through the points (x, y, z) = (0, y, ) and
(. y. ).

Although Zn is more commonly tetrahe-
drally coordinated, Zn was found to substi-
tute partially for Ti in octahedral sites in this
structure. Both the Til and the Ti2 sites
have a 3% occupancy by Zn; the Ti3 site,
with 2 40% occupancy by Zn, is designated
TZ. As in the K,Ti,04, structure, all Ti-O
octahedra are distorted. All Ti and Zn atoms

TABLE I[Va
SELECTED BOND DiSTANCES (A) AND ANGLES (°) FOR Ba,ZnTi;O4

Atoms Distances Mult Atoms Angle Mult
Ba-01 2.829(4) 2 02-Til-04 105.8(3) 1
Ba-02 2.697(4) 2 02-Ti1-05 81.2(%) 1
Ba-03 3.063(1) pi 02-Til-07" 98.7(2) 1
Ba-04 2.779(4) 2 O2-Til-07" 168.6(3) 1
Ba-~035 3.278(6) 1 04-Til-035 173.0(3) 1
Ba-06 3.182(6) H 07-Til-07' 151.6(3) l
Ba--06 3.143(7) 1 O7-Til-07" 79.3(2) 1
Til-02 1.812(6) i OL-Tiz-02 171.72(3) 1
Ti1-04 1.800(7) 1 01-Ti2-03 94.2(2) 1
Til-0O§ 2.212(6) t 01-Ti2-05§ 99.1(3) 1
Til-07 2.01141) 2 O1-Ti2-06 91.1(2) 2
Til-07" 2.142(6) 1 03-Ti2-03 166.7(2) |

06-Ti2-06’ 167.0(4) 1
Ti2-01 1.884(6) 1
Ti2-02 2.111(6) 1
Tiz-03 1.886(1) 1
Ti2-05 2.050(6) | O1-TZ-04 88.1(3) \
Ti2-06 1.962(7) 2 01-TZ-05' 100.1(2) 2
0O1-TZ-06 104.9(3) 1
TZ-01 1.855(7) 1 O1-TZ-07 166.9(3) 1
TZ-04 2.04%(6) 1 04-TZ-06 167.0(3) 1
TZ-05 1.990(1) 2 05-TZ-05' 156.9(3) I
TZ-06 2.082(7) 1
TZ-07 2.184(6) 1
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TABLE IVb
SELECTED BORD DISTANCES AND ANGLES FOR BaZn,Ti,Oy;

Atoms Distances Mult Atoms Angle Mult
Ba-01 2.835(8) 1 02-Zn1-03 109.8(3) 1
Ba-O2 2.874(6) 1 02-Znt-04 109.2(3) 1
Ba-04 2.814(8) 1 02-Znl1-06 106.1(3) ]
Ba-05 2.942(8) 1 03-Zn!-04 105.2{3} 1
Ba-05 2.998(8) 1 03-Znl-06 112.2(3) 1
Ba-07 2.926(7) 1 04-Zn1-06 107.0(3) 1
Ba-08 3. 10K8) 1
Ba-08 3.020(6) 1 07-Zn2-011 156.5(3) 1
Ba-010 2.805(8) 1 01-Zn2-08 168.8(3) 1
Ba-011 2.861(7) 1 O1-Za5-010 167.9(3) 1
Ba-011 2.838(7) 1 01-Zn2-03 91.0(3) I
Ba-011 3.105(7) 1 01-Zn2-07 95.3(3) 1

O1-Zn2-010 98.4(3) 1
Znl-02 1.957(8) 1 01-Zn2-011 103.1(3) 1
Znl-03 1.939(7) 1
Znl-04 1.962(7} 1 O1-Tii-02 165.8(3) 1
Znl-06 1.992(8) 1 03-Til-010 174.1(3) 1
06-Ti1-0% 170.8(3) I
Zn2-01 1.980(8} t O1-Ti1-03 89.4(3) I
Zn2-05 2.253(7) 1 O1-Tii-06 80.5(3) 1
Zn2-O7 2.064(7) 1 O1-Til-09 95.3(3) 1
Zn2-08 2.356(9} t O1-Tit-010 91.3(3) I
Zn2-010 1.995(8) 1 :
Zn2-011 1.939(7) 1 03-Ti2-0O7 171.9(3) 1
O5-Tiz-0Ot 170.2(3) I
Ti1-01 2.021(7) 1 06-Ti2-09 173.1(3) 1
Til-02 1.972(8) 1 03-Ti2-05 81.9(3) 1
Tit-O3 2.070(8) I O3-Tiz-06 93.3(3) I
Til-06 2.005(7) 1 O3-Ti2-09 82.4(%) 1
Til-09 1.920(7) 1 03-Ti2-010 90.2(3) 1
Til-010 1.898(8} 1
O1-Ti3-08 171.2(4) 1
Ti2-03 2.044(7) 1 04-Ti3-07 168.7(3) 1
Ti2-05 2.013(8) { 06-Ti3-09 166.8(3}) 1
Ti2-06 2.047(8) 1 O1-Ti3-04 97.7(3) i
Tiz-07 1.868(7) | 0O1-Ti3-08 78.4(3) 1
Ti2—-09 1.956(9) I OI1-Ti3-07 89.3(3) 1
Ti2-010 1.998(8) | O1-Ti3-09 93.0(3) 1
Ti4-02 [.961(8) 2 2-Tid-0O2 168.2(4) 1
Tid-03 2.011(T) 2 O3-Tid-035 173.3(3) 2
Tid-05 1.910(8} 2 02-Ti4-03 £1.2(3) 2
02-Ti4-035 92.6(3) 2
Ti5-04 2.126(7) 2
Ti5-08 1.973(8) 2 04-Ti5-011 169.6(3) 2
Tis-0it 1.868(T) 2 O8-Ti5-08 162.7(4) 1
O4-Ti5-04 82.4(4) 1
04-Ti5-08 88.3(3) 1
04-Ti5-08 78.7(3) 1
1

04-Ti5-011 91.3(3)
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F1G. 19. Representation of the real positions of the Ba and oxygen ions around the Ti and (Ti, Zn)
positions in the unit cell of Ba,ZnTisOy;.

are displaced from the center of the octahe-
dra towards the nearest Ba and open chan-
nel sttes. This shifting of position probably
compensates the less saturated oxygen
atoms 50 as to maintain electroneutrality

(17, 33).

The Ti-Q and Zn-0 bond distances in
both structures range from 1.80 to 2.22 A,
These distances agree with those found in
other titanate and related compounds with
6-coordinate Ti (Table V). For comparison
purposes, Table V also lists compounds

TABLE V
SELECTED Ti~O DISTANCES {A) OF THE Ti—Q OCTAHEDRA FOUND IN OTHER POLYTITANATES AND

RELATED CoOMPOUNDS—COORDINATION NUMBER (C.N.) oF Ba ARE ALs0o GIVEN

Ti-O Ba-0

Distance CN C.N. Ref.
Ba, 0, 1.63,1.64,1.75,1.82 4 8,10 {38)
Y,TiO, 1.78,1.87,1.91,1.94,1.94, (3.89) b) — 39
Fresonite 1.63,2.00,2.00,2.00,2.00, (3.58) 5 - 39}
BaTi,0; 1.71,1.87,2.00,2.00,2.06,2.47 541 12 (i7)
PbTiO, 1.78,1.98,1.98,1.98,1.98,2.38 5+ 1 —_ (€]
Na, Ti, 0, 1.71,1.87,1.91,1.94,1.94,2 34 541 - @)
BaTi, Oy 1.87 to 2.20 5 10 (18}
K, Ti,0\ 1.86,1.95,1.95.1.96,1.98,2.11 6 1 (33)
Ba,Tis0: 1.82 to 2.26 6 11,12 (22a)
Ba,Ti;;05 1.87,1.87,1.95,1.95,2.09,2.09 6 11 @n
BaTi\s0n 1.83,1.87,1.88,1.90,1.93,1.99 6 12 (20)
BaTi;0,, 1.77,1.94,1.94,1.94,2.04,2.07 6 12 “2)
Ba,Zn;Ti;Ox 1.88,1.88,1.96,1.96.2.05,2.11 6 1
BaZn,Ti, Oy, 1.90,1.92,1.97,2.00,2.02,2.07 6 12
Ba,Ti; ALy 1.86,1.91,1.93,1.07,2.02,2.11 6 11,12 k¥
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having 4-, 5-, and (5 + 1)-coordinate Ti.
While Ti in Y,TiO; is clearly 5-coordinate,
Ti in BaTi;0;, PbTiO;, and Na,Ti;O; can
be considered to be (5 + 1)-coordinate. The
range of Ti—O bond distances appears to be
smaller in the compounds with 6-coordinate
Ti than those with (5 + 1)-coordinate Ti
(c.g., 1.71 t0 2.4 A in BaTi,0,).

Figure 20 shows the coordination envi-
ronment around Ba. Instead of 12 nearest-
neighbor oxygens asin aclose-packed struc-
ture, Ba has only 11 nearest-neighbor oxy-
gens. This polyhedron can be described as a
tricapped quadriiateral prism with the Ba-O
distances ranging from 2.7 to 3.2 A. Ba oc-
cupies a position displaced from the center
of the cage.

4.2. Crystal Structure of **BaZn,Ti,0,,"”

As mentioned carlier, the formula of this
compound was first reported to be BasZn,
Ti,;04, by Gornikov ef al. (2), who formed
the compound by adding ZnO to BaTi,0,.
Ceramic specimens on the join BaTiO~

FiG. 20. Polyhedra arrangement surrounding the Ba
atoms in Ba,ZnTis(y, illustrating the infinite chain of
tricappled quadralateral prisms parallel to y.

ROTH ET AL.

BaZn,Ti,0,, always contain a small amount
of the hollandite phase in the X-ray diffrac-
tion powder pattern and have a low @ at
microwave frequencies. For this reason,
particular attention was paid to the refine-
ment of atomic occupations with the as-
sumption that the real composition of the
phase might be low in TiO,. The relatively
large R factor may not justify attempting to
refine population parameters and amount of
disorder between Zn and Ti atoms in the
octahedral sites; nevertheless, such re-
finements were carried out in an attempt to
explain the observed X-ray powder diffrac-
tion data and physical properties. Present
results from single crystal determination in-
dicate the formula to be between BaZn,
Ti,0,, and BaZn, 3;Ti; 4,040 . The R values
of these refinements are very close (i.¢. from
0.0644 to 0.0640 for R). The best R value
appears to occur for the choice of the for-
mula BaZn, ¢, Ti; 30,049 In this case, in or-
der to maintain the electroneutrality of this
phase, it was found necessary to assume
a small oxygen deficiency. Site vacancies
could be assigned to-positions of the oxygen
ions coordinating the ‘‘octahedral’” Zn2
ions: 01(5%), 010(4%), and O11(2%). Such
a refinement resulted in lowering abnor-
mally large temperature factors. However,
since the chemical formula cannot be deter-
mined in a more absolute manner, the stoi-
chiometri¢ formula “*BaZn,Ti,0,,"" will be
used throughout this report, even though the
data shown in Tables IIla and b-are derived
from BaZn, ;;Ti39:010.45 -

The overall structure consists of a three
dimensional network of distorted, edge-
sharing and corner-sharing octahedra with
Zn filling some tetrahedral intersticies. Ti -
atoms were found to occupy only octahedral
positions; Zn atoms were found to occupy
both tetrahedral and octahedral intersticies.
Figure 21 shows the arrangement of ideal-
ized TiO, and ZnQ¢ octahedra and Zn0O, tet-
rahedra in each level y = n/6 (n = 1, 2,
3, . ... 6) viewed along the b axis. There
is a substantially different arrangement at
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Ti=1/6

Fig. 21. Ideal representations of the crystal structure
of BaZn,Ti,;0,, at the six {Ti, Zn) levels of the unit cell.
Dark triangles represent ZnQ, polyhedra pointing up
and down and dark octahedra represent the **ZnOg"
octahedra.

each level. Each unit cell contains a total of
8 ZnO,, 8 ZnOy, and 32 TiQ4 units. No ZnO,
or ZnQ; units share polyhedral corners or
edges. The Zn0O, tetrahedra are near the
y = 0and y = % levels of the unit cell. There
is no face-sharing of octahedra within or
between layers.

Substitution of Zn for Ti on octahedral
sites was again considered. The Zni atom
is in a tetrahedral site that probably never
contains Ti; Zn2 and all Ti atoms are in
octahedral sites and might substitute for one
another within certain limits. The least
squares refinement procedure was therefore
pushed beyond its crystallographically rea-
sonable limits while particular attention was
paid to such crystal chemical principles and
the observed physical properties. For exam-
ple, 11% each of the Til and Ti2 atoms could
be replaced by Zn, and the best R values
appear to occur when it is assumed that
=11% of the Zn2 atoms are replaced by Ti
and 4% of the Zn2 sites are left vacant (the
stoichiometric composition requires 22% of
Zn2 to be replaced by Ti). From Table I'Vb,
it is seen that the bond lengths in the ZnQ,
tetrahedron are relatively small, ranging
from 1.939 to 1.992 A, in agreement with the
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Zn-0 distances found in other compounds,
such as Zn,Si0Q, (1.941 to 1.987 A) (43).
Bond lengths in the octahedra vary ac-
cording to which cations occupy the sites.
The Zn-0O distances range from 1.939 to
2.356 A, whereas the Ti—O distances range
from 1.868 to 2.126 A. Most of these TiO,
and ZnQ, cages have low symmetry except
for Ti4 and Ti5 which are on a 2-fold axis.
From the bond lengths and bond angles
given in Table 1Vb, the distortion from ideal
polyhedra is clear. For example, the axial
O-Ti-O angles deviate significantly from
180°. For Zn these angles range from 156°
to 169°, and for Ti they range from 166° to
174°. It appears that the ZnQO, octahedra are
relatively more distorted than the Ti ones.

The Ba atom has a close-packed (C.N. =
12) environment. The twelve Ba—Q dis-
tances vary between 2.834(8) and
3.109(7) A. which is within the range found
in other barium titanate structures (/7, 20,
22a, 32, 42).
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