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Six solid solutions of formula (A, _,A}),(B,_,B;)O, have been prepared where A and A’ = Ba, Sr; B
and B’ = Ti, Sn, Pb in different combinations to investigate the distortion modes and stability ranges
in the K,NiF, (T) structure types. These series illustrate that distortions along the a-axis is dominated
by the B site ion, whereas distortions along the c-axis are governed by the A site ion which contrasts
the behavior of the RE,CuO, phases possessing the T' structure type. The (Sr,_,Ba,),PbO, and
Sr,Sn, _,Pb,0, systems yielded T structure tolerance factors (¢;;) of 0.91 at x = 0.5, and 0.89 at x =
0.75, respectively, before a transformation to the Sr,PbO, structure type. A new lower symmetry ( P4/
mmm) modification of the T phase was found for Sr,Sn,_,Pb,O, (0.5 < x = 0.75) which has partially
ordered Pb and Sn atoms on the B sites. A Reitveld refinement of Sr,Sn ,sPb, 550, yielded the following
parameters: 25°C, space group P4/mmm, a = 4.1769 (2) A, ¢ = 12.591 (1) A, V = 219.67 (H A’,p =
6.415 (3) g/cm®, R = 9.32%, R,,, = 11.21%, and R\, = 8.4%. This structure represents an alternate

distortion mode for stressed K,NiF, phases with mixed B site atoms.

Introduction

The rare earth copper oxide phases of for-
mula RE,CuQ, are known to exist in five
different structural modifications, the T’
(Nd,CuO,), T*, T”, and tetragonal and or-
thorhombic T (K,NiF,) phases (/, 2),
whereas only the T phases are observed for
the noncopper compounds (3, 4). Recent
studies on the RE,CuQO, systems have
shown that the range of K,NiF, stability and
the specific structural modifications corre-
late exceedingly well with the average size
of the A site rare earth ion and the value of
the perovskite tolerance factor ¢ defined as
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t = (ry + ro)/V2(rg + ro). The experiments
suggest that the crystal chemistry is domi-
nated by the composition and bonding in the
A-0 layers (2). The T structure contains
9-coordinate A site ions in double rock salt
layers which separate the sheets of octahe-
dral B site ions. When a reasonable match
between the A-O layers and B-O layers
exists (0.99 = ¢t = 0.88), the T phase is tetrag-
onal with I4/mmm crystal symmetry. In
many cases, an orthorhombic distortion is
observed when the A-QO distances become
small relative to the B—-O distances (0.88 =
t = 0.87), signaling T phase instability (e.g.,
La,CuQ,). Larger discrepancies in A-O/
B-0 distances resulting from small A ions
(t = 0.865) affect structural changes to the
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T’ (or T*) phase (e.g., Nd,CuO,). The T’
phase comprises square planar CuQ, sheets
separated by fluorite-like AO layers. The A
site atoms are 8-coordinate in the fluorite
layers (vs 9-coordinate rock salt) which bet-
ter stabilizes the smaller rare earth ions
(2, 4).

There is current interest in preparing new,
copper-free superconducting oxides of the
early transition metals and main group ele-
ments (5—9). One strategy involves the prep-
aration of structural analogs of the high T,
copper oxide phases that incorporate early
transition metals with varying electronic
configurations and carrier concentrations.
Because of the diversity in structure and
properties observed in the K,NiF,-type cop-
per oxides, we and others have focused con-
siderable attention on the preparation of re-
duced early transition metal complexes with
this structure (10-13).

Several early transition metal oxides are
known to adopt the K,NiF, structure type
(3) but, unlike the copper oxides, these
phases are not as amenable to A site doping
and changes in oxidation states. The excep-
tion is the RE-Sr—V-0 system in which the
Sr, ,RE VO, (V3*=V**) and Sr,, ,V,0,,.
series are known (5). Attempts to prepare
reduced K,NiF,-type titanates (La, ,Sr,
TiO,) invariably leads to multiphase sam-
ples with significant concentrations of the
reduced perovskites (/2-7/4). Ba,PbO, also
adopts the T structure but is also resistant
to rare earth doping (/4, 15). During the
attempted preparation of the afore men-
tioned materials, we observed some fully
oxidized side products that showed changes
in cell dimensions differing from those re-
ported for the copper oxides. In this paper
we describe the preparation and crystal
chemistry of six solid solutions involving A
and B site substitutions in T phase A,BO,
oxides incorporating A>* and B** ions. Par-
ticular attention was focused on materials
that approached the ‘‘edge of instability,”
where cell distortions and phase transitions
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are observed in the RE,CuO, systems. A
new, lower symmetry tetragonal form of the
T structure is described for Sr,Sn, ,sPb; 550,
that contains partially ordered Sn** and
Pb** ions.

Experimental

All compounds were prepared by firing
intimately ground, stoichiometric mixtures
of alkaline earth carbonates and metal diox-
ides (Cerac Inorganics) in air at 800°C for 12
hr. The resulting powders were reground
and refired according to the following sched-
ules: (Sr,_,Ba, ),Sn0,—1300°C for 24 hr;
(Sr,_,Ba,),Pb0,~—950°C for 24 hr; Sr,Ti, _,
Sn,0,—1300°C for 24 hr; Ba,Sn,_,Pb,
0,—1000°C for 24 hr; (Sr,_,Ba,),Sn,_.Pb,
0,—1000°C~ for 24 hr; Sr,Sn,_,
Pb 0,—950-1050°C for 24 hr. Intermediate
regrindings and refirings were sometimes
necessary. Significant quantities of Sr,PbO,
were initially formed in reactions involving
Sr and Pb. The Pb-containing samples often
contained traces (<5%) of lead oxide impu-
rities and readily disproportionated at high
temperatures (>>1100°C) to give perovskites
and other unidentified phases. The re-
maining samples were single-phase mate-
rials.

Samples were characterized by powder
X-ray diffraction (XRD). XRD data were
collected at 25°C on a modified Philips XRG
2000 diffractometer (CuK« radiation) inter-
faced with a RADIX data box and MDI soft-
ware system. Cell refinement calculations
were performed on all data collected at
20° = 20 = 70° which were corrected for
sample displacement and zero point error
(16). In many cases, it was necessary to
perform Rietveld analyses to refine cell con-
stants due to peak reading difficulties associ-
ated with overlapping reflections. For com-
parative purposes, the percentage changes
in the lattice parameters of the (Sr,_,Ba,),.
PbO, solid solution were calculated from
extrapolated lattice constants of the hypo-
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TABLE I

SUMMARY OF CRYSTALLOGRAPHIC DATA FOR
SrySng 25Pby 7504

Formula Sr,8ng.25Pbg 1504
Space group P4/mmm
a (A) 4.1769(2)
c (A) 12.591(1)
Volume (A% 219.67(4)
Density (g/cm®) 6.415(3)
R (%) 9.32
R., %) 11.21
Rirage (%) 8.40

Note. R = {[El(l?bs - Ilga]c)Z]/[z(I:)bS)Z]}l/z. pr =
{Zw 5% — IFVEw I, Ry = [24]

Flf_)bs — F?alcn/[z,-F?bs]-

thetical tetragonal Sr,PbO, phase pos-
sessing a T structure type.

The structure of the Sr,Sng,sPb, 0,
phase was refined by Reitveld analysis
(Micro-Riet, MDI) on a Compuadd 386 per-
sonal computer. Data were collected at 0.02°
intervals with 10-sec count rates. The data
were indexed and successfully refined on a
primitive tetragonal cell (space group P4/
mmm) with Pearson VII profile shape func-
tions. Of the structural models used, the
ordered model with Pb in the body center
(Wyckoff d site) and a 1:1 mixture of Pb
and Sn at the cell corners (Wyckoff a site)
clearly gave a superior fit and lowest residu-
als. Other models, including a disordered
structure with random distributions of Sn
and Pb atoms on B sites, gave poor fits and
high residuals. A summary of the crystallo-
graphic data is given in Table I.

Results

1. General

Four T phase solid solutions of formula
(Sr,_,Ba,),Sn0,, Sr,Ti,_,Sn,O,, Ba,Sn,_,
Pb,0,, and (Sr,_,Ba,),Sn,_,Pb,O, were
prepared showing well-behaved, continu-
ous changes in tetragonal lattice parameters
for all values of 0 = x = 1. Two additional
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solid solutions of formula (Sr,_,Ba,),PbO,
and Sr,Sn, _, Pb O, contained well-behaved
K,NiF, regions but formed biphasic mix-
tures beyond given values of x. Plots of the
cell volume versus composition were linear
for the T regions of the six series studied
except for the P4/mmm region of the
Sr,Sn, _, Pb, O, system (see below).

II. A-Site Substitutions

Continuous substitution was found for
0 = x = 1in(Sr,_,Ba,),Sn0,, whereas the
T structure was only observed at 0.5 < x <
I for (Sr,_,Ba,),PbO,. Using the ionic radii
of Shannon (/7), one calculates a limiting
tolerance factor, ¢, of 0.91 for this system
which is significantly higher than the corre-
sponding ¢#;, values observed in the
RE-Cu-0 systems (2). Plots of the lattice
parameters and c/a ratios versus composi-
tion for both systems are given in Fig. 1.
Both series show significant elongations of
the c-axes with increasing x (M = Sn, 5.5%;
M = Pb, = 6.2%) but much smaller expan-
sions of the a-axes (M = Sn, 2.3%; M =
Pb, = 1.2%). Consequently, the c/a ratios
increase linearly with x (increasing cell vol-
ume). Superstructures or symmetry
changes were not observed in any of the
phases in these series.

In the (Sr,_,Ba,)PbO, system, biphasic
mixtures of orthorhombic (Sr;_,Ba,),PbO,
(the Sr,PbO, structure) and the T phase are
observed when 0 = x = 0.5. It is interesting
to note that the ¢/a ratio approaches 3.00 at
the limiting composition of x = 0.5. The
XRD profile of SrBaPbO, is shown in
Fig. 2.

1I1. B-Site Substitutions

The T phase persists throughout the range
0 = x = lin the Ba,Sn, _,Pb O, and Sr,Ti, _,
Sn O, solid solutions but only where 0 <
x = 0.75 in the Sr,Sn, _,Pb O, system. Plots
of the cell parameters and c¢/a ratios versus
composition are shown in Fig. 3. In two of
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F1G. 1. Plots of cell parameters and ¢/a ratios as a function of composition in the (a) (Sr, _,Ba,),SnQ,

and (b) (Sr;_,Ba,),PbO, solid solutions.

the three series, there is a smooth decrease
in the c¢/a ratio with increasing x (increasing
volume) due to a ca. 4% elongation of the
a-axes and unchanged c-parameters. For
the Sr,Sn, _,Pb, O, system, the cell parame-
ters deviate from linearity at ca. x = 0.5
signaling an order—disorder transition (see
below). The T phase stability region again
reaches a limit at ¢/a = 3.0 before entering
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F1G. 2. Indexed XRD profile of SrBaPbO,.

into a biphasic region. The limiting ¢ factor
in this series is calculated to be 0.89 which
is slightly higher than the corresponding ¢,
values observed in the RE-Cu-0O systems
but lower than that for SrBaPbQO,.

At approximately x = 0.5, a tetragonal-
to-tetragonal symmetry change takes place
(I4/mmm to P4/mmm) resulting from the or-
dering of the Pb and Sn atoms. The structure
of Sr,Sn, ,sPb, .50, was successfully refined
by using a Reitveld profile analysis (Fig. 4).
The lower symmetry is evidenced by the
additional reflections (arrows in Fig. 4) that
are not allowed in I4/mmm symmetry. A
drawing of the structure is shown in Fig. §
and a listing of the fractional coordinates
and bond distances is given in Tables II
and III, respectively. This phase represents
a new modification of the K,NiF, structure
type in which the different B site ions
order on nonequivalent positions in the
tetragonal cell. In addition, the Sr atoms
are displaced relative to the I4/mmm struc-
ture such that they move along ¢ toward
the disordered Sn/Pb atoms. Slight differ-
ences in M-O distances (M = Pb or 50%
Pb/50% Sn) are observed which are consis-
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F1G. 3. Plots of cell parameters and c/a ratios as a function of composition in the (a) Ba,Sn,_,Pb,0O,,
{b) Sr,Ti)_,Sn, O, (c) SrSn;_,Pb,0O;, and (d) (Sr,_,Ba,),Sn,_,Pb.0, solid solutions. The dashed
verticle line in (c) shows the approximate boundary between the I4/mmm and P4/mmm regions.

tent with the differences in size of the Pb**
and Sn** ions; however, oxygen positions
are of course difficult to determine by this
method.

1V. The (Sr,Sn0,),_.(Ba,Pb0O,), System

The T phase compounds Sr,SnO, and
Ba,PbO, are mutually soluble in all propor-

tions, forming a continuous system with
0 = x = 1. This series represents simultane-
ous A and B site substitution which affects
large increases in both the q-parameter
(5.9%) and c-parameter (4.8%) as shown in
Fig. 3d. Due to the comparable increases in
a and c, the c/a ratio remains essentijally
constant at 3.09 (1). No superstructures or
symmetry changes were detected.
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FiG. 4. Rietveld analysis results for SrSn ,5Pb 150, showing the observed (points) and calculated (solid
line) profiles with the difference profile (lower line, same scale). Reflections associated with the
primitive cell (absent in the I4/mmm cell) are indicated with arrows. A small amount of Sr,PbO4 impurity

is present.

Discussion

As previously discussed, the structures of
the RE,CuO, phases can be predicted by
the perovskite tolerance factor, #(/, 2). In
contrast, there are other (noncopper) oxides
that fall well within the K,NiF, tolerance
factor stability limits (0.87 < ¢ = 0.99) pre-
viously reported by Bringley et al. (2) but
adopt different structures or do not exist
[e.g., St,PbO,, t = 0.88 (18), Ca,TiO,, ¢t =

& Pb(1)

* Sn/Pb(2)

o oxygen

FiG. 5. Schematic drawing of the structure of
Sr;Sng 55Pbg 550

0.91 (19)]. The T phase regions of the two
St/Pb series reported here terminate with
¢/a ratios of 3.0 but have tolerance factors
well within the T phase stability region of
0.99 = ¢ = 0.87 [(Sr,_,Ba,),PbO,, r = 0.91,
and Sr,Sn,_ Pb,O,, t = 0.89]. Thus, the
tolerance factor is a useful guide for sorting
the structures of some A,BO, oxides but is
not a ubiquitous predictor of T phase exis-
tence.

It is clear from this work and comparisons

TABLE I
FracTIONAL COORDINATES FOR Sr,Sng »sPby 750,

Atom X

¥ z
Sr(1) 0 0 0.3474(8)
Sr(2) 0.5 0.5 0.1426(8)
Pb(1) 0.5 0.5 0.5
Sn/Pb(2) 0 0 0
o) 0 0.5 0
0(2) 0 0 0.164(5)
0(@3) 0.5 0.5 0.334(5)
O4) 0.5 0 0.5
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of other known T phases (3) that the a-
parameter is most significantly influenced
by the radius of the B site ion, whereas the
c-parameter is affected most significantly by
the A site ion. These observations are con-
sistent with the ionic B-O compression/
A-O elongation model proposed by Gan-
guly and Rao (4) and Poix’s method of in-
variants (20). However, the behavior of the
A,BQ, oxides contrasts with that of the RE,
CuO,~T' systems in which A site substitu-
tion affects both the a- and c-parameters
equally (/, 2). Perhaps the smaller, more
electropositive RE ions can polarize the
“softer’” Cu’* center to a greater extent
than the alkaline earth ions can polarize the
“hard’’ M** ions.

The Sr,Sn, _,Pb,0, phases with 0.5 <x =
0.75 adopt a new structure type in which the
Pb and Sn atoms partially order in a lower
symmetry space group. Due to the weak
reflections associated with the P4/mmm
structure, it is difficult to determine whether
there is a continuous order—disorder transi-
tion occurring in this system. However, the
deviations in the lattice parameters (Fig. 3¢)
are suggestive of a continuous phase transi-
tion of ~0.5 = x = 0.75. The P4/mmm struc-
ture seems to reflect an alternate distortion
mode in which A—O/B-0O mismatch (¢ < 0.9)
is alleviated by allowing the small Sr** ions
in the double rock salt layers to move closer

TABLE II1
BOND DISTANCES (A) FOR S1,Sn ,5Pbg 150,

Atoms Distance
Pb(1)-0(3) 2.10(7)
Pb(1)-0(4) 2.0885(1)
Sn/Pb(2)-0(1) 2.0885(1)
Sn/Pb(2)-0(2) 2.07(7)
Sr(1)-0(2) 2.31(8)
Sr(1)-0(3) 2.958(4)
Sr(1)-0(4) 2.84(1)
Sr(2)-0(1) 2.75(1)
Sr(2)-0Q2) 2.96(1)
Sr(2)-0Q) 2.41(1)
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a Sr-0 b Sr-0  —
3.67A<l: V-0 Sn/Pb-O | 3.59A
Sr-0 . Sr-0 .
}2.62A
Sr-0O Sr-0
3.67A~|: V-0 Pb-0O — 3.84A
Sr-0 . Sr-0
2.58A-[
Sr-O Sr-0 —
V-0 Sn/Pb-O |- 3.59A
Sr-0 Sr-0 —

FiG. 6. Pertinent interlayer spacings in (a) Sr,VO,
and (b) Sr;Sng,sPbg 1504 showing the affects of B, B’
ordering. Data for Sr,VO, was obtained from Ref. 21.

to the oxygens bonded to Sn. This distortion
is best illustrated by comparing the inter-
layer spacings of Sr,Sng,sPb,;:0, with
those of S1,VO, (27) as both have very simi-
lar c-lattice parameters [for Sr,VO,, a =
3.8340(4) A, ¢ = 12.5874(13) A]. As illus-
trated in Fig. 6, the separations between
adjacent SrO-SrO layers are quite similar
in the two compounds (ca. 2.6 A); however,
the SrO-SrO gaps that host the MO, layers
are quite asymmetric for Sr,Sn,,sPb, 150,
(Fig. 6b) in contrast to those for Sr,VO,.
The smaller gaps (3.59 A) host the (Sn/Pb)O,
layers and the larger gaps (3.84 A) host the
PbO, layers. Although the order—disorder
transition could conceivable occur in any
mixed B site system, it appears to occur
only in stressed systems (low ¢ values). This
hypothesis is consistent with the absence of
ordering in the Ba,Sn, _,Pb,0O, and Sr,Ti, _,
Sn O, solid solutions in that neither series
has a significant A-O/B-O mismatch.
Moreover, the differences in B site ionic
radii are as large for the Sn/Ti system as for
the Pb/Sn systems. A site ordering was also
not detected in the (Sr,Sn0O,),_ . (Ba,Pb0O,),
solid solution or SrBaPbO, even though the
latter represents the limit in T phase stability
with a 1:1 ratio of A site ions (e.g., a T"-
related structure). Again, both series have ¢
factors > 0.9 and instability would not be
anticipated.



AUBYO, SOLID SOLUTIONS OF THE K,NiF, STRUCTURE TYPE

Superstructures have been observed in
other mixed B site T phase compounds with
low ¢ values. For example, La,Li, ;Coy 50,
(¢ = 0.89) shows superlattice reflections sim-
ilar to those of La,NiO, [supercell = 2Va
unit cell (22)], whereas LaSrNi,sTi, O,
(t = 0.92) does not (4). The superstructures
of the former compounds presumably result
from rotating the BOg octahedra about the
c-axis or tilting the octahedra in the (100) or
(110) directions (4). B site ordering similar
to that in Sr,Sn;,sPb, 0, may occur in
La,Li; sCo, 50, (22); however, the distor-
tions observed in the Sr,Sn,_,Pb, O, series
do not involve tilting of octahedra or genera-
tion of supercells.

Conclusion

The perovskite tolerance factor has been
shown to be a very useful *‘sorting tool’” for
the RE,CuO, oxides but must be used more
cautiously with other K,NiF, metallates in
describing A-O/B-0O mismatches. The
structure of Sr,Sng,sPb, 450, represents a
new modification of the T phase represent-
ing an alternate distortion mode of mixed
B site K,NiF,-type compounds approach-
ing the T phase stability limit. This order—
disorder transition may be useful in the de-
sign of new mixed layer copper oxide super-
conductors that incorporate other transition
metals.
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