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An investigation of the LiTa0;—CaZr(), phase diagram has been
carried out and the solid solution limits redetermined. LiTaO,
solid solutions extend from 0 to 20 mole% CaZrQ;. CaZrO; solid
solutions cover the range 27 to 100 mole% CaZrQ;, but are incom-
plete since a two-phase region or immiscibility gap occurs over the
range 88 to 95 mole% CaZrO,. The crystal structures of two
perovskite-like CaZrO, solid solutions, one on either side of the
immiscibility gap, were determined by Rietveld refinement of pow-
der neutron diffraction data. The structures of these perovskite-
like materials are compared and possible causes of the solid solution

immiscibility are discussed. © 1994 academic Press, Inc.

INTRODUCTION

LiNbO, and LiTaO, are important ferroelectrics (1-3)
and are interesting host materials for electrooptic, electro-
acoustic and nonlinear optical devices. Doping with hy-
drogen and some transition metals modifies certain physi-
cal properties, such as refractive index and Curie
temperature, T, of the host and the resulting materials
find applications as, e¢.g., wave-guides (4-7). Previous
studies (7-9) on the doping of LiNbQO, and LiTaQ, with
H, Zr, and CaZrO; reported the formation of new phases
whose X-ray powder patterns all have a ¢certain similarity.

Neurgaonkar ef al. (9) reported an “‘unidentified new
phase’ in the LiTa0,—CaZrO, system for compositions
between 21 and 70 mole%s CaZr(,. Rice (7) reported
monoclinic Li;  H NbQ,, 0.75 < x < 0.77, as having the
same structure as MnF, (10), and being only the second
known example of this structure type. Villafuerte-Cas-
trején and West (8) initially suspected their solid solu-
tion phases X and Y, in the Li;0-Ta,05-Zr0O, and
Li,0-Nb,O,—Zr(, ternary systems, actually to be two-
phase mixtures containing new cubic perovskites and a
second, impurity phase. Later, these patterns were shown
to be single phases which could be indexed on an ortho-
rhombic unit cell similar to that of the orthorhombic per-
ovskites (11). The powder patterns of phases X and Y
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were scen also to be similar to those of Neurgaonkar’s
new phase and Rice’s monoclinic Lig 53H, -, NbO;.

Because of these similarities in the powder patterns,
further investigations were carried out on the new phase
in the LiTaO,~CaZrO; system. The phase diagram of the
LiTaO,-CaZr(Q; join was reinvestigated, allowing the
stoichiometry ranges and thermal stability of the various
solid solution phases to be determined.

Due to the very high melting temperatures in this sys-
tem, it was not found possible to prepare crystals of size
suitable for a single crystal structure study. Consequently,
structural studies were performed using powdered sam-
ples. Neutron diffraction was chosen since these materials
contained lithium in the presence of tantalum, zirconium,
and calcium.

EXPERIMENTAL

Starting materials were Li,CO, (BDH, 99%), Ta,0;
{BDH, 99.9%), Nb,O; (Aldrich, 99.9%), CaCO, (BDH,
99.5%), and ZrO, (Ventron, 99+ %). Large batches of
LiTa0; and CaZrO,; were prepared by reacting together
the appropriate reagents in Pt crucibles, initially both at
800°C for 2--3 hr to expel CO,, before final firing at 1000°C
for 18 hr and 1350°C for 7 hr respectively, to complete
the reactions. Compositions on the LiTa0O,~CaZrO, join
were then prepared by reacting together suitable quanti-
ties of LiTa0; and CaZrQ,, again in Pt crucibles. Pelleted
samples were reacted at temperatures between 1000 and
1350°C for 2 to 3 days, depending upon composition. No
covering powder was used during sample preparation.
Reaction products were determined by powder X-ray dif-
fraction using a Philips Guinier-Hagg camera, CukK,,, radi-
ation, A = 1.5405 A.

For determination of the LiTa0,-CaZrO, phase dia-
gram, quenching experiments were carried out. Small
amounts of sample, contained in platinum foil envelopes,
were annealed at temperatures in the range 1500 to 1550°C
before being rapidly cooled by dropping into a dish of
mercury at room temperature. The products were care-
fully removed from the envelopes and examined by pow-
der X-ray diffraction, as above.
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FIG. 1. The LiTaO,-CaZr0O, phase diagram.

Structural studies on two calcium zirconate solid solu-
tions were carried out by Rietveld refinement (12) of time
of flight powder neutron diffraction data. Data were ¢ol-
lected on the Polaris medium resolution diffractometer
at the U.K. spallation neutron source ISIS, Rutherford
Appleton Laboratory, over the time of flight range
200-20,000 psec with the 2900-18,000 usec region (corre-
sponding to a d-spacing range 0.47-2.92 A at backscatter-
ing angles) used in structure refinement. The refinement
program TF14LS, based on the Cambridge Crystallo-
graphic Subroutine Library (13), was used in which the
experimental peak shape was modelled by a Voigt func-
tion convoluted with a double exponential decay. Neutron
scattering lengths were taken from reference (14).

Samples for neutron diffraction data collection were
prepared as above but using isotopically enriched "Li,CO,
(A.E.R.E. Harwell, Stable Isotope Unit, 99.99% "Li).

RESULTS

LiTaO,—CaZrO, Phase Diagram

The X-ray powder patterns of samples prepared on the
LiTa0,—CaZrO, joint showed the presence of three single
phase regions, Fig. 1. At the two ends of the phase dia-
gram, limited ranges of LiTaO; and CaZrQ; solid solutions
are formed, with solid solution limits at 20 and 95 mole%
CaZrQ, respectively. At intermediate compositions, 27
to 88 mole% CaZrO,, an extensive range of perovskite-
like solid solutions forms. The powder patterns of these
latter solid solutions and the CaZrO, solid solutions both
showed reflections characteristic of an orthorhombic per-
ovskite. Solid solution limits were determined by careful
examination of Guinier—Higg films of reacted samples,
showing the presence or absence of second phases.

The two perovskite powder patterns are very similar
but with small differences in d spacings and hence unit

cell dimensions, Figs. 2 and 3. Consequently, in the two
phase region between 88 and 95 mole% CaZrQ, the pat-
terns were orthorhombic perovskite-like but with every
line split into doublets and with relative intensities given
by the volume fraction of the two components.

Phase diagram studies at high temperatures indicated
a narrowing of this two phase region, and it is possible
that at still higher temperatures it disappears to give a
continuous perovskite solid solution range from 27 to 100
mole% CaZr(Q),. In this case the two phase region between
88 and 95 mole% CaZrQ, is part of a solid solution immis-
cibility dome.

In order to determine the upper limit of stability of
the various solid solutions on the LiTa0;-CaZrO, join,
preliminary studies on the melting temperatures of pow-
der samples were made. For most of the system the melt-
ing temperatures were above 1550°C, the maximum tem-
perature of the furnaces used in these experiments;
however, they are seen to pass through a minimum of
1500 = 10°C at a eutectic separating the LiTa0; and Ca
Zr0; solid solution regions, Fig. 1.

To further investigate the perovskite solid solution
mechanism and the immiscibility dome, structure deter-
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cell parameters. Parameters for CaZrO, taken from (15), parameters for
70 mole% CaZrQ, composition calculated from Ref, {9) (see Table 5).
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Fitted powder neutron diffraction profiles for (a) (CaZr)ygx{LiTa)y ;03 and (b} {CaZr) 4(LiTa)y,0;5.
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minations were carried out on two single phase CaZrQ,
solid solutions close to each of the solid solution immis-
cibility limits: compositions studied were (CaZr),
(LiTa)y ;04 and (CaZr), gs(LiTa)g 1305.

Structural Studies Using Powder Neutron
Diffraction Data

Time-of-flight powder neutron diffraction data from
{CaZr)y 4{LiTa),,0; and (CaZr) o(LiTa)y ;0 solid solu-
ttons show very similar diffraction profiles, Fig. 3.
Allowing for a difference in unit cell sizes, the distribution
of positions and relative intensities of the reflections were
very similar in both patterns. This provides further evi-
dence, on top of the X-ray results, that these materials
may be structurally related.

The structural model for Rietveld refinement used the
atomic coordinates of orthorhombic CaZrO, (15). Zr and
Ta were assumed to be disordered over the octahedral
sites and Ca was located on the distorted 8-coordinate
site. The occupancies of these sites were then refined in
order to get an estimate of their total scattering before
deciding on the actual site contents. Li atoms were not
included in the initial refinements, the intention being to
use difference Fourier maps in the later stages of structure
refinement to locate these atoms.

Initially only scale, background, unit cell and peak
shape parameters were varied. In subsequent refine-
ments, positional, thermal, and site occupancy parame-
ters were also refined.

(CaZr), o7(LiTa)g 0305,  Structure refinements of this
solid solution composition were carried out in the ortho-
rhombic space group Pnma (No. 62 (16)). The starting
unit cell parameters were determined from an accurately
measured Guinier—Héigg film. The occupancy of the A
site, determined by the chemical formula, was initially
fixed at n = 0.97.

The initial refinements of scale factor, background, unit
cell, peak shape, and atomic positional parameters con-
firmed the perovskite-like starting model. However, re-
sults from subsequent refinements involving site occu-
pancy and isotropic thermal parameters showed the
calcium site to have an occupancy significantly less than
the expected value of (.97, Therefore, the possibility of
lithium, which has a negative scattering length for neu-
trons, also occupying this site was investigated. The A
site, however, would seem to be rather large for lith-
ium occupation.

Allowing both Li and Ca to occupy the A site and
refining the CaZrO, and LiTaO; contents of the cell indi-
cated site contents of 0.96 Ca, 0.04 Li, These refined
occupancies agreed well with the values of 0.97 and 0.03
expected from the chemical formula. The A site was there-
fore assumed to contain both calcium and lithium, with

TABLE 1
Cell and Atomic Parameters for (CaZr), o;(LiTa), ;05

Orthorhombic, Prma, Z = 4 .
a = 5.7515(1) A, b = B.0138(2) A, ¢ = 5.5922(1) A

Atom  Pos. x ¥ z By, (A% n
Ca dic) 0.0483(2) 0.25 —0.0110(3) 0.55(2) 0.97
Li 4{c) 0.0483(2) 0.25 ~0.0110(3) 0.55(2) 0.03
Zr 4(b) 0.0 0.0 0.5 0.25(1) 0.97
Ta 4(b) 0.0 0.0 0.5 0.25(1) 0.03
o 4(c) —0.03772) 0.25 0.3976(2) — 1.00
02} B(d} 9.2994{2) 005381} 0.6985(1) — 140
Anisotropic temperature factors (A%

BU Bl! B}] BZJ Bl] Bll
o)  0.61(4) 0.15(3} 0.66(3) — 0.02(3} —
0(2)  0.46(2) 0.83(3) 0.4%(2) 0.15(2) ~0.24(2) -0.21(2)

Nore, Esd’s in parentheses.

site occupancies fixed at n = (.97 for calcium and n =
0.03 for lithium, The simultaneous refinement of calcium
and lithium site occupancy and thermal parameters was
made more reliable by the ability to coilect short d-spacing
data with the Polaris diffractometer (down to ~0.47 A
was used in structure refinement, Fig. 3). The assumed
disorder of zirconium and tantalum on the B sites also
appeared to be correct, with no evidence found for or-
dering.

In the final refinements anisotropic temperature factors
were successfully refined for the oxygen atoms. Refine-
ment terminated with R,,, = 2.23%, R, = 1.71%, x* =
1.69 for 1827 data points, and 38 variable parameters (for
a definition of the R factors, see ref. (12)). Final refined
unit cell and atomic parameters are given in Table 1, with
selected bond distances and angles in Table 2.

(CaZr)s(LiTa)y .. This solid solution composition
was found to bhave a structure very similar to that of
CaZrO,; and (CaZr), 5;(LiTa), 4,05, as was suspected from
its X-ray powder pattern. Structure refinements were also
carried out in the space group Pnma and the starting
structural model was that of orthorhombic CaZrQ,. The
A site occupancy, determined by the chemical formula,
was fixed at n = 0.80. X

Cell parameters determined from an accurately mea-
sured Guinier—-Hégg film were used in the initial refine-
ments of scale factor, background, and peak shape param-
eters. Subsequent refinements of unit cell parameters and
oxygen and calcium positional parameters confirmed that
this composition also had an orthorhombic perovskite-
like structure. Oxygen, calcium and zirconium/tantalum
atoms were in essentially the same positions as in CaZrQ,
and (CaZr), ¢7(LiTa), (70O,. Further refinements of thermal
and site occupation parameters confirmed that zirconium
and tantalum were disordered over the B sites and that
the A site was partially occupied, containing calcium only.
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TABLE 2

Selected Bond Distances and Angles for (CaZr)y o;(LiTa)g 630,

TABLE 3
Cell and Atomic Parameters for (CaZr)y 4(LiTa), ;0,

Ca coordination

Li coordination

Ca-0(1} 2.338(2) Li-O(1) 2.338(2)
-0(1" 2.464(2) -G(1) 2.464(2)
-0 2371y x 2 -0(2) 2.372(1) x 2
-0(2") 2.681(2) x 2 O(1)-Li -G(1") 87.30(6}
-0(2") 2.841(1) x 2 -0(2) 107.72(5) x 2

Zr/Ta coordination

O(10-Li-0(2) 134.25(4) x 2
0(2)-Li -0(2") 83.01(6)

ZriTa-0(1) 2.095(1) x 2
-0(2) 2.092(1) x 2 O coordination
002" 2.089(1) x 2 Zr-O(1)-Zr'  146.0(1)
O()-Zr/Ta-0O(t") 180.0 Zr-0(2)=Zr’  147.2(1)
-0(2) 91.8%4) x 2
02" 88.11(4) x 2
-002" 91.96(4) x 2
02"  8B.04(4) x 2
02)-ZriTa-0(2') 180.0 x 2
-0(2% 90.92(1) x 2
-02"  89.08(1) x 2

Orthorhombic, Pnma, Z = 4
a = 5.7076(2} A, b = 7.9670(2) A, ¢ = 5.5492(1) A2

Atom  Pos. X ¥ F4 B, (A} n
Ca 4(c) 0.0467(3) 0.25 —0.0103(%) 0.63(3) 0.80
Zr 4m) 0.0 0.0 0.5 0.37(1} 0.80
Ta 4(a) 0.0 0.0 0.5 037D 0.20
[4107)] 4(c) —0.0312(3) 0.25 0.4017(3) — 1.00
o) 8(d) 0.2978(2) 0.0515(2) 0.6987(2) — 1.00
Li 4(c) 0.412(6) 0.25 0.514(8) 3.4(5) 0.20
Anisotropic temperature factors (A3

B, 8., By By B3 B,
o 1.1206) 0.27(%) 0.87(5) — 0.11(4) -
Q)  0.66(4) 1.01(4) 0.99(4) 0.35¢3) —0.483) ~0.30(3)

Note. Esd’s in parentheses. Bond distances in angstroms, bond angles
in degrees.

Calculation of a difference Fourier map showed the
possibility of lithium atoms being located on a distorted
tetrahedral site close to the calcium site. Subsequent re-
finements with lithium atoms located on this new site
showed its site occupancy to be ~0.2, in agreement with
the value expected from the chemical formula.

A close examination of the fitted profile, Fig. 3b, re-
vealed the presence of a small number of extra reflections.
These could not be accounted for by any supercell, there
also being no extra reflections observed at high d spacings,
so were assumed to be due to the presence of an impurity
phase, possibly a zirconium tantalate. These regions of
the profile were excluded in further structure refinements.

In the final refinements anisotropic temperature factors
were successfully refined for the oxygen atoms. Refine-
ment terminated with R, = 2.45%, R,, = 1.59%, x* =
2.38 for 1788 data points and 41 variable parameters. Final
refined unit cell and atomic parameters are given in Table
3 with selected bond distances and angles in Table 4.

DISCUSSION

LiTa0yCaZrO; Phase Diagram

The phase diagram for the LiTa0;-CaZrO, system ob-
tained in the present study, Fig. 1, differs in some details
from that described by the previous study of Neurgaonkar
et al. (9). This previous study was carried out at lower
temperatures and appeared to concentrate more on
LiTaOs-rich compositions, whereas the present

Note. Esd’s in parentheses.

work, at higher temperatures, was concerned more with
CaZrO,-rich compositions and the new phase reported
in (9).

Both phase diagrams show similar LiTaO, solid solution
formation, extending to compositions containing 20
mole% CaZrQ,;. On increasing the CaZrO, content above
20 mole%, however, differences are observed between
the two sets of results. The work of Neurgaonkar er al.
(9) reported an abrupt structural change to an ‘‘unidenti-
fied new phase’ which existed for compositions con-
taining between 21 and 70 mole% CaZrO,. A two phase
region then separated this new phase from CaZrO, solid

TABLE 4
Selected Bond Distances and Angles for (CaZr), ¢(LiTa), ,0,

Ca coordination Li coordination

Ca-O{(1) 2.329(3) Li-O(D) 2.60(3)
-O(1') 2.484(3) -0(1" 2.33(4)
-0(2) 2.369%(2) x 2 -0(2) 1.99(3) x 2
-0(27) 2.677(2) x 2 O(D-Li-O(1)  B84.3(13)
-0(2") 28112 x 2 -0(2) 78.910) x 2
~Li 0.771(33} O(1)-Li-O2)  123.8(12) x 2

O(2)-Li-0(2")  104.9(19)

Zr{Ta coordination O Coordination

Zr/Ta~-0(1) 2.073(1) x 2 Zr-O{l)-Zr'  147.8(1)
—0(2) 2.067(1) % 2 Zr—O(2)-Zr'  148.1(1)
—0{2) 2072(1) x 2

O()-Zr/Ta-0(1")  180.0

-0y 91176 X 2
-0(2")  BR.83(6) X 2
-0y 91.46(6) X 2
—02™  8B.54(6) x 2
O(2)-Zr/Ta-0@2') 180.0 x 2
02 90.67(D) x 2
-0(2")  89.33(2) x 2

Note. Esd’s in parentheses. Bond distances in angstroms, bond angles
in degrees.
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TABLE 5
Indexed Powder Data from ““Unidentified
New Phase” of Neurgaonkar et al. (9)

(a) (CaZr)y 3y(LiTaky 50,4

dohsa dcalc Rkl Irel
3.844 1.844 020 100
2.763 2.763 200 15
2.717 2.715 121 50
2.664 2.662 002 10
2.239 2.244 220 7
1.189 2.188 022 5
1.917 1.917 202 50
1.743 1.74} 3ol 5
1.719 1.718 141 20
1.689 1.690 103 4
1.585 1.586 3zl 15

Orthorhombic, Prma, a = 5.526(3) A,
b= 7.68%6) A, c = 5.323(D) A

(b) (CaZr)O_-m(LiTa)nAmO:,

3.952 3.948 0240 75

2.827 2.823 200 25

2.790 2,786 121 100

2.741 2.738 002 20

2.296 2.296 220 5

2248 2.250 022 8

1.969 1.974 040 45
1.965 202

1.778 1.778 013 10

1.761 1.764 141 25
1.759 2212

1.734 1.737 103 5
1.736 311

1.622 1.622 321 20

QOrthorhombic, Pama, a = 5.645(42 A,
= TRIID A, ¢ = 54753 A

@ d,, calculated from 28 data given in Table 2,

Ref. (9).

solutions, which were formed between 94 and 100
mole% CaZrO;.

In the present phase diagram study a two-phase region
is observed between 20 and 27 mole% CaZrO,, which
separates LiTa0Q; and CaZrQj, solid solutions. Moreover,
the unidentified phase of (9) has been shown to be part
of an extended region of CaZrO; solid solutions extending
from 27 to 100 mole%: CaZr(O; and having an immiscibility
gap present for compositions between 88 and 95%
CaZrO,. It is clear that our results are broadly consistent
with those of Neurgaonkar et al. (9) and that their uniden-
tified new phase comresponds to our extended CaZrQ,
solid solution phase field. It was also found here that the
(unindexed) powder X-ray diffraction data reported in (9},
which corresponded to the composition limits of their new
phase, could be indexed on a similar orthorhombic unit
cell to that of CaZrQO, (17), Table 5. Furthermore, it is

highly likely that the two phase region reported in (9)
between 70 and 94 mole% CaZrO, corresponds to the
immiscibility gap described here.

The results from the structure refinement of the (Ca
Zx), «(LiTa), O, composition, showing that this phase has
a perovskite-like structure similar to that of orthorhombic
CaZrO,, confirm those from the present phase diagram
study,

Structure Refinements

(CaZryo(LiTa)y Oy This material, Fig. 4, is an or-
thorhombic perovskite solid solution. Ta substitutes for
Zr on the octahedral B sites and the BO, octahedra are
very reguiar, with all six M-0O bond distances almost
identical and O-M-0 bond angles very close to 90 and
180°, Table 2, Since Ta and Zr have similar bond distances
to oxygen (2.04 and 2.12 A, respectively) and since both
are highly charged this substitution is not unfavorable
(although Zr and Ta chemistries are usually considered
to be different). As another example, Ta and Zr are disor-
dered over the same sets of octahedral and distorted octa-
hedral sites in LaZrTa,0,, (18).

Although it has a similar typical octahedral M—O bond
distance (2.14 A) to Zr and Ta, lithium possibly would
not be stable on the B site due to its single positive charge.
Nevertheless, lithium has been shown to occupy half the
octahedral B sites in the ordered perovskite La,LiSbO,
with the rest of the B sites occupied by antimony (19).
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FIG. 4. Polyhedral representation of the crystal structure of
(CaZr, g LiTa), 305 projected atong [1 1 0]. Octahedra represent (Zr,
Ta)Os; circles represent Ca/Li.
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The large A site is fully occupied, containing both cal-
cium and lithium atoms. The calcium coordination, which
is lowered from 12- to 8-fold coordination by the ortho-
rhombic distortion, is essentially that of a distorted square
antiprism and a range of Ca-0 bond distances is observed,
Table 2. This spread of Ca—O bond distances is also seen
in stoichiometric CaZrO; (15). Lithium, which also par-
tially occupies this site, is assumed to be coordinated by
the shortest four A-O distances which form a distorted
tetrahedral environment. Although this is rather a large
site, which may be considered too large for lithium to
occupy, the refined site occupancies for lithium and cal-
cium on this site agreed well with those expected from
the chemical formula.

Because of its smaller size, the thermal vibration about
the mean position is likely to be greater for lithium than
for calcium, although their structural parameters (in par-
ticular their isotropic temperature factors) had to be con-
strained to be equal in the least squares refinement. Cer-
tainly, the contrast provided by the difference in neutron
scattering lengths should facilitate the detection of any
site separation, if present, Nevertheless, the low doping
level would strongly constrain the lithium to occupy the
calcium sites.

(CaZr)y4(LiTa),,05. The structure refinement results
show that (CaZr)yg(LiTa),,0, also has an orthorhom-
bic perovskite-like structure, very similar to that of
(CaZr),gy(LiTa}y n;O, with Zr and Ta disordered over the
octahedral B sites, Fig. 5. The BO; octahedra again are
almost undistorted, Table 4.

The large cavity formed by the BO, octahedra still ac-
commodates both the Ca and Li atoms. However, since
typical Li-O bond distances are ~0.45 A shorter than
typical Ca—Q bond distances, at this composition two sets
of sites are occupied. Calcium is present with partial
occupancy on the same sites as in CaZr0Q, and (CaZr),
(LiTa)y ;05 and is coordinated to 8 oxygens in a distorted
square antiprism arrangement. The lithium site is situated
~0.77 A from the center of the Ca site, displaced, approxi-
mately along the [100] direction towards a neighbouring
O(1) atom. This produces a grossly distorted tetrahedral
environment for lithium, having two (symmetry equiva-
lent) Li—O bond distances with typical values, and two
somewhat longer Li—O bonds, Table 4. The distortion in
bond angles means that lithium has an almost trigonal
pyramidal coordination.

In the CaZrO; solid solutions, a definite trend is ob-
served in the Zr—O-Zr bond angles, Table 6. In stoichio-
metric CaZrO,, the Zr-O(1)-Zr angle is 146.5° and the
Zr-0O2)-Zr angle 145.8°, In the solid solutions both angles
increase slightly, the larger increase, of ~2.3°, occurring
in the Zr-O(1)-Zr angle. As these angles are the tilt apgles
between corner sharing 8O, octahedra (equal to 180° in
the ideal cubic perovskite structure) it follows that the

FIG. 5. Polyhedral representation of the crystal structure of
(CaZr) z(LiTa)y ,0; projected along z and rotated ~12° round y. Octahe-
dra represent (Zr, Ta)O,; large circles represent Ca; small circles repre-
sent Li,

twisting of the ocltahedra decreases on increasing the Li
TaQ, content. This is manifest also in the orthorhombic
distortion of CaZrQO, which decreases slightly with in-
creasing solid solution formation.

This decrease in the distortion would increase the size
of the cavity containing the Ca and Li atoms, an unex-
pected situation considering the substitution of calcium
by smaller lithium atoms. Instead, it is compensated by
a decrease in unit cell parameters which reduces the size
of the cavity and which is associated with a decrease of
the average Zr/Ta-0 bond distance. This is reasqnable
since Ta—O bond distances are typically ~0.08 A less
than Zr-0 distances (20).

TABLE 6
Variation in Zr-O-Zr Bond Angles in CaZrO,
Solid Solutions

Zr-O(1)-Zr Zr-0(2)-Zr
CazrOy 145.8° 146.5°
(CaZn)ys(LiTa)y 04 146.00° 147.19°
{CaZr)yg(LiTa)y,0: 147.35° 148.09°

Note. Angles taken from Tables 2 and 4.
? Bond angles calculated from data given in Ref. (15).
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Solid Solution Immiscibility

The exact cause of the CaZrO; solid solution immiscibil-
ity is not known, but is almost certainly associated with
the substitution of Ca and Zr by Li and Ta. Probably,
the location of lithium on a separate site in (CaZr)y,
(LiTa)q 40, is significant. Separate sites were not observed
in the 97:3 mole% composition, with both Li and Ca
atoms occupying the same position. The A site is rather
large so lithium is expected to be unstable onit. However,
perhaps a few mole% lithium can be located on the Ca
site before it becomes unstable. It is then forced to occupy
its own separate site which gives rise to a small distortion
of the octahedral framework,

It may be that a certain minimum lithium content is
required to achieve this. Thus, at lower lithium contents,
e.g., 10% LiTa0O,, there may be too much lithium to oc-
cupy the A site but insufficient to cause a change to occu-
pancy of the distorted tetrahedral site. Consequently, an
immiscibility region exists.

The plots of unit cell parameters versus composition,
Fig. 2, appear to show a different siope on either side
of the compositions where solid solution immiscibility
occurs. This feature is more marked with the » and ¢ cell
edges, and may actually be due simply to the limited
number of data points for compositions containing =95
mole% CaZrO,. However, departures from Vegard’s law
such as this, in which the lattice parameters of intermedi-
ate compositions are higher than those expected from a
straight line plot passing through the end-member data
points, have been postulated previously as being indica-
tive of the formation of immiscibility domes (21}, Our
results are consistent therefore with this suggestion.

CONCLUSIONS

The unidentified new phase reported by Neurgaonkar
et al. is an orthorhombic, perovskite-like, CaZrQ; solid
solution with the replacement mechanism

Ca + Zr = Li + Ta.

Ta and Zr appear to disorder over the octahedral B sites
of the perovskite structure. Li is generally too small to
occupy the 8-coordinate A sites and, for most of the solid
solutions, occupies an off-center, distorted tetrahedral
site within the same cavity as the A sites. At low Li
contents, ~5-12% LiTa0,, an immiscibility region exists
in the solid solutions which is probably caused by subtle

structural changes associated with relocation of Li into
the tetrahedral sites; a certain minimum level of occu-
pancy may be necessary in order to stabilize the structure.
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