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Ba,La,Cu,Sn,0;;: A New Layered Perovskite with a
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The average structure of the oxygen-deficient perovskite Ba,La;Cu,Sny0;; can be described by a tetragonal
la, X la, X 4a, subcell that has P4/mmm space group symmetry and cell parameters a = 3.9893 (3), ¢
=16.232 (1) A.” The subcell does not fully describe the long-range structural features. The structure is
periodic only in a statistical sense and contains long-period commensurate modulations that have a dominant
periodicity (superlattice) or v'2a, X v/2a, X 24a,. The structure was determined from a combination of
powder X-ray diffraction, time-of-flight neutron diffraction, and transmission electron microscopy. The
structure contains copper—oxygen double layers that are interleaved by tin-oxygen double layers. The
oxygen vacancies order between copper-oxygen layers and result in the now-familiar square pyramidal
coordination of copper. The tin—oxygen octahedra are rotated around [001], and the short-range order
(24a,, ~100 A) of the sense of the rotations is believed to give rise to the structural modulation. The magnetic
susceptibility versus temperature profile indicates the compound is paramagnetic to 4 K.

Introduction

Layered copper oxides that contain small metal ions (B
cations) in addition to copper!™ provide advantages over
simple cuprates in the exploration of the solid-state
chemistry that underlies high-temperature superconduc-
tivity. The synthesis of layered multiple-B-cation per-
ovskites provides a considerable challenge because the
free-energy difference between ordered and randomly
mixed B cations is typically quite small, especially if the
size and charge of the cations are similar.® In oxygen-
deficient compounds, B-cation coordination preferences
and ordered oxygen vacancies can be exploited to assist
the formation of layered configurations. Requirements for
the synthesis of nonstoichiometric mixed-metal layered
compounds include B cations that have different coordi-
nation preferences and arrangement of vacancies into a
specific pattern (usually in (001), planes) and A cations
that have proper size and coordination preferences.

To take advantage of the ability of copper(II) to adopt
5-fold coordination and in order to achieve B-cation order,
we studied systems that, in addition to copper, contained
B cations that strongly prefer 6-fold coordination, such as
tin(IV), titanium(IV), zirconium(IV), hafnium(IV), and
lead(IV) and chose A cations such that the target material
would be oxygen deficient. One new quaternary phase
found in these systems was Ba,La,Cu,Sn,0,;. The com-
pound meets the requirements outlined above for the
formation of a nonstoichiometric mixed-metal layered
compound, and it contains copper—oxygen and tin—oxygen
double layers. As is true of many multiple-cation com-
pounds, such as high-temperature superconductors,'®¢ the
structure and crystal chemistry are complex. We report
the synthesis and structure of this oxygen-deficient
quadruple perovskite. It is the first copper oxide n = 4
member of the oxygen-deficient perovskite series A,B, 05, ;
and, to our knowledge, has a unique vacancy pattern
among quadruple perovskites.

Experimental Section
Sample Preparation. Ba;La,Cu;Sn,0;; was prepared by
solid-state reaction of the appropriate ratios of barium carbonate
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(99.99%), lanthanum oxide (99.999%), tin(IV) oxide (99.995+ %),
and copper(II) oxide (99.999%). The lanthanum oxide was heated
in air before use and cooled in a desiccator to remove any traces
of water or carbonate. The reagents were ground and fired in
high-density alumina boats at 950 °C for 1 day. The sample was
quenched in air, ground and pressed into two pellets; one that
was less than 1 mm thick and another that was several millimeters
thick. The pellets were fired at 1010 °C in air. The thin pellet
served a barrier to prevent diffusion of aluminum into the sample.
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The large pellet was quenched, ground, and fired several times
in the course of the 7-day reaction period. The sample has to
be fired above 990 °C to overcome the stability of BaSnO;. Once
formed, the phase is stable at temperatures below 990 °C. Two
separate portions of the quenched sample were annealed under
flowing oxygen, one at 500 °C and the other at 900 °C. Each was
slowly cooled to room temperature.

X-ray Diffraction. A Rigaku diffractometer with nickel-
filtered Cu K radiation was employed to collect a data set on
a quenched polycrystalline sample. A 26 scan was employed to
collect the diffraction data. Data were collected from 5 to 80°
with a step of 0.02° in a 10-s collection time at each step. The
Bragg peak positions were determined by the use of XRAY-FIT,"
and the cell constants were refined based on the peak positions
by the use of POLSQ.!® The data set was refined by the use of
Rietveld!® analysis.

Neutron Diffraction. The Intense Pulsed Neutron Source
at Argonne National Laboratory was used to collect time-of-flight
data on a quenched polycrystalline sample. Data were collected
for 4 h on an 11-g sample that was at room temperature and
ambient pressure. The d spacing, height, and width of the first
46 peaks (1.47 < d < 16.23 A) were determined by the use of
NUTEFIT,® a nonlinear least-squares Marquet method (after
Bevington) to fit peaks with a shape function that is the convo-
lution of an exponential rise, an exponential fall, and a Gaussian
function. The cell constants were determined and the reflections
were indexed by the use of POLSQ.!® The data from d = 0.461
to 2.969 A were analyzed by Rietveld methods.?%? Thirty-seven
parameters were refined, which included a scale factor, diffrac-
tometer constant, zero-point error, background, peak shape, unit
cell and positional parameters, isotropic thermal factors, and
absorption and extinction parameters. The coherent scattering
lengths® used for Ba, La, Cu, Sn, and O were 5.25, 8.24, 7.72, 6.23,
and 5.80 fm, respectively.

Electron Microscopy. Polycrystalline samples that had been
quenched from 1010 °C were crushed and dispersed onto holey
carbon films. Electron diffraction patterns as a function of angle
were obtained by the use of a Hitachi 700 microscope operated
at 200 kV. The microscope was equipped with a stage that allowed
the samples to be tilted £30°. High-resolution electron microscopy
was performed by the use of a Hitachi 9000 microscope operated
at 300 kV.

Results

Redox Chemistry. The oxygen content of the copper
stannate is 10.98 + 0.05 based on the average of three
thermogravimetric analyses. The reaction is

Ba2L52CU2sn20u_5 + (4 - 6)H2 -
La,0, + Ba,SnO, + Sn® + 2 Cu® + (4 - HH,0t (1)

for samples heated 90 min at 1050 °C in an 8.5% H,/
91.5% He atmosphere. The products, except for water
vapor, were identified from an X-ray diffraction trace. In
addition, the reaction of BaSnO; under the same condi-
tions results in Ba,SnO,, Sn°, and water vapor as deter-
mined by X-ray diffraction and mass balance. Within
experimental error, the oxygen content calculated from the
reduction of BayLa,CuySn,0;y,; in hydrogen is consistent
with tetravalent tin and divalent copper. '°Sn Mossbauer
analysis indicated the tin is exclusively tetravalent. The
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Figure 1. Observed (+), calculated (solid line), and difference
(below) X-ray diffraction patterns for BayLa;Cu,Sn,0y;. Tic
marks designate possible Bragg reflections for Ba,La;Cu,Sn,0y,
(upper), silicon (middle), and BaSnO; (lower).
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Figure 2. Tin-oxygen nets viewed down [001]. Arrows show
displacement of oxygen atoms. The symbols describe the rotations
of the SnOq polyhedra: o, ordered, no rotations (model 1); d,
disordered (models 6, 7); r, right-handed, and 1, left-handed
(models 2-5). The dotted line outlines the v/2a, X +/2a, basal
plane necessary to maintain 4-fold symmetry.

oxygen content of the samples does not change compared
to the quenched sample when treated in flowing oxygen.

X-ray Diffraction. Ba,La,Cu,;Sn,0;; is tetragonal, has
a cell size consistent with a la, X la, X 4a, perovskite, and
has no systematic absences, which is consistent with ex-
tinction symbol P--- and eight possible space groups.?
Rietveld refinement in space group P4/mmm provides a
good model for the refinement of the neutron data; see
Figure 1. Table I contains the integrated relative inten-
sities of each of the peaks in the pattern as determined
by the use of XRAY-FIT. It was not possible to refine the
A-cation distribution owing to the similar atomic numbers
of lanthanum and barium.

Neutron Diffraction. Seventeen peaks not detectable
in the X-ray experiment are present in the neutron pattern;
see Table I. All of the peaks detectable with NUTEFIT%
can be indexed on a la, X la, X 4a, cell. The extinction
symbol is P---. Rietveld refinement of the neutron dif-
fraction data in P4/mmm by the use of the model from
the X-ray refinement leads to relatively large reliability
factors,” a thermal factor of 5.58 (1) for the oxygen atom

(24) In International Tables for Crystallography; Hahn, T., Ed.; D.
Reidel: Boston, 1983; Vol. A, p 45.
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Table I. Indexed Neutron Diffraction Pattern for
Ba,La;Cu,Sn;0,, and Relative Intensities from Neutron
and X-ray Diffraction Data®

Rkl  duoA  dwe’A I,(ND) 1/I, (XRD)
001  16.2314
002 81157  8.1174 0.4 0.3
003 5.4105
4.1160* 0.2
004 40579 4.0617 2 1
100 39891  3.9934 2 2
101 3.8739  3.8747 0.1 3
102 35800  3.5814 1
005 3.2463  3.2483 0.4 4
103 3.2108 10
2.9079* 0.3 9
104 28447  2.8443 17 100
110 2.8207  2.8206 7 34
111 27791  2.7788 0.3
0086 27052 2.7051 3
112 26644  2.6640 1
105 25179  2.5176 9 4
113 25012 2.5010 4
2.3737 3
007) 23188 23161 57 25
114 2.3161
106 22390  2.2387 7 2
115 21292  2.1364 1 3
2.0555% 5 3
008 2.2089  2.0286 27 30
107 2.0047
200 19946 1.9943 100 30
201 19797 19812 3
116 19525  1.9522 9 1
202 19369  1.9367 3
203 1.8715  1.8690 0.5
1.8389* 1
108) 18085 1078 7 1
009 1.8035
117) L7912 178%9 8
204 1.7900
210 17840 17839 8
211 17733 1.7733 2 0.9
212 17424 17422 2
205 16994  1.6994 3
213 16943  1.6947 1 6
1.6785% 1 6
L18) 16471 16469 28 16
109 1.6434
214 16331 16329 66 12
0010 16231  1.6232 11
2086 16054  1.6052 12
215 15635  1.5632 9 1
119 15195 15199 3 3
207 15121 15120 31 5
1010 15035 15038 3 4
216 14893  1.4891 16 1
0011 14756  1.4755 2

¢Note: * designates BaSnO; reflection. The neutron d spacings
and relative intensities were determined with NUTEFIT, and the
X-ray diffraction relative intensities were determined with
XRAY-FIT. *d spacings from neutron diffraction are similar to
those from X-ray diffraction as shown by the similarity of cell
constants that were determined from least-squares analysis of the
d spacings; a = 3.9891 (3) A and ¢ = 16.231 (1) A from neutron
data, a = 3.9868 (2) A and ¢ = 16.224 (1) A from X-ray data.

in the tin—oxygen plane, 02, and severe undercalculation
of the intensity of the Al4 reflections (h > 0); see model
1 in Table II. Each of the problems is alleviated by
displacements of the oxygen atoms in the tin-oxygen plane,

(25) Roragy = 1003 [1(Yopg = Yeaio)|)/ T Yonol]; Rusichtod proie = 100(Z[ W*
R e AR T i Figs = 1005
(1ope = Zeae)[1/ ZTobl; Riietvela = 100L[I(Yobs ~ Yearc)l]/ LU Yopa) —
background|]; Respected = 100 (number of degrees of freedom/3 [W-
(Yop)DV2 Yo and Y, are the observed and calculated profile inten-
sities at a particular time-of-flight value, respectively, and Wis 1/Y,y,.
I.ne and I, are the observed and calculated intensities of each Bragg
peak, respectively.
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Figure 3. Schematic of cell size (solid lines) and rotation pattern
for models one through seven. The cell size relative to cubic
perovskite is listed below. The sense of the rotations within [ ]
and between ] [ double layers is indicated by plus (+) if the sense
is the same, minus (=) if it is opposite, plus, minus (+, -) if there
is no correlation, and zero (0) if there are no rotations, n and m
are not related to n; and m; used later.

that is, rotations of the SnOg octahedra around [001].

The rotations of the SnO; octahedra within each tin—
oxygen layer can be right-handed (r), left-handed (1), or
disordered (r,]) as viewed down [001]; see Figure 2. The
sense of the rotations parallel to [001] can be completely
correlated (greater than 1000 A; models 2-5), not correlated
at all (models 6 and 7), or correlated over a short range
(50-1000 A, discussed later). The cell sizes for each model,
a depiction of the rotation patterns, and the labels for the
tilt notation (+, -, or 0) are presented in Figure 3. The
tilt notation used in Table II was first introduced by
Glazer.® The letters designate the relative magnitude of
the tilt above a given axis, and the superscripts designate
the relative sense of the tilts from layer to layer. Within
each tin—oxygen double layer, the sense of the rotations
(designated by the first superscipt) is either the same from
layer to layer, labeled plus (+), or the opposite, labeled
minus (~). From double layer to double layer, the sense
of the rotations (designated by the second superscript) is
either the same across the interface (+) or the opposite (-).
If there are no rotations about a particular axis, the label
is zero (0).

Table II shows that the models with complete correlation
of the SnOq rotations (2-5) provide significant improve-
ment over the model with no rotations of the SnO; oc-
tahedra (model 1). However, the models with no corre-
lation of the SnO; rotations (6 and 7), are superior to the
models that have complete correlation (2-5) because they
(1) provide a better fit, in particular, to the hl4 reflections
(2) provide lower R values (3) have lower thermal factors
for 02. However, as presented below, the models with no
correlation (6, 7) do not fully describe the long-range
structure.

Electron Microscopy. Within a tetragonal crystal
system, rotations of the SnO4 octahedra require a v/2a
X /2a,, expansion of the basal plane to maintain fourfolti
symmetry, see Figure 2. Electron diffraction patterns in
the [001] zone show clear evidence of the v/2a, X v/2a,
basal plane, which confirms that the SnOg octa.fledra are

(26) Glazer, A. M. Acta Crystallogr., Sect. B 1972, 28, 3384.

(27) For a general description of the terminology used in this paper
see: High-Resolution Transmission Electron Microscopy and Associated
Techniques; Buseck, P. R., Cowley, J. M., Eyring, L., Eds.; Oxford: New
York, 1988; pp 340-342.
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Table II. Models Used for Neutron Refinement

model tilt notation® space group  no. of variables R} Ry R, RRist B 02
1 a%°" P4/mmm 35 7.3 10.7 13.3 17.1 5.6
2 a’a’** P4/mbm 37 6.5 8.0 10.9 14.5 3.3
3 a%a’* I4/mem 37 6.8 10.0 20.5 15.6 3.7
4 a’a’ I4/mem 37 6.4 9.4 19.5 14.7 3.0
5 a%a%— P4bm 52 6.0 8.8 8.5 12.9 5.4/0.9
6 a’a’c* P4/mmm 37 55 8.0 10.3 12.6 1.7
7 a%a%* Pimm 52 5.0 7.4 8.6 11.0 1.3/0.6

?In this modified Glazer notation, the first sign indicates the relative sense of the rotations within the tin-oxygen double layers and the
second indicates the relative sense of the rotations from double layer to double layer; see text. ® R pecteq = 2.8% for all models.

-

L
™
.
.
.
.
.

Figure 4. Electron diffraction pattern obtained from [001] zone.

Weak spots at p/2 (110), p = 1, 3, 5, 7, ..., indicate the basal plane

i[sm\r" ]Zap X v/2ay, and that the SnO; polyhedra are rotated around
1].

rotated; see Figure 4. High-resolution transmission
electron microscopy from the [100] zone verifies the 4a,
subcell along [001]; see Figure 5. Electron diffraction
patterns from [100] to [110] zones obtained by rotation
around [001] show that as a single crystallite is tilted it
exhibits extra reflections and streaks along the line g =
1/5(130) + (00I) in the [310] zone; see Figure 6. The extra
reflections are consistent with short-range correlation of
the sense of the SnOg rotations. The extra spots were
observed in several crystallites and are believed to be a
common feature. Figure 7 shows that there are 24 maxima
and minima from one node n; to the next n;,, and 24 from
one maximum m; to the next m;;,. The extra spots g’ =
1/,(130) + (00!, where (00/) = 1’/6(001) and I’=1, 3, 5,
..., indicate the presence of a commensurate superlattice
that is 24a, (6 X cgyucen) along [001] in real space.

The superlattice gives rise to intensity in the form of
several extremely broad peaks in the neutron diffraction
pattern (from node to node the peaks are at least 0.38 A
wide); see the inset in Figure 8. Each diffuse peak n; to
n;4+; in the neutron pattern is an envelope of several peaks
and contains contributions to its intensity from the g’ =
1/,(130) + (00!) reflections. The positions and widths
(node to node) of the neutron peaks can be calculated from
the g spacings of the electron diffraction experiment. The
g spacings are calculated from the law of cosines (in this
special case the Pythagorean relation) from eq 2, where,
by visual inspection, [,; appears to be nearly equivalent to

&ni’ = (1/2d30)* + (1,;/16.23)* (2)

Table III. Positions of the Minima and Maxima from
Superlattice Diffraction

iJ 1 2 3 error
&ni (A) 2.52 2.14 1.60 0.05
8mj (A) 2.41 1.93 1.41 +>0.05

lin &, and 16.23 is the c-axis length in angstroms. The
minima and maxima are listed in Table III. The broad
peak between n, and n, has a maximum intensity of about
50 counts (about 0.4% counts/maximum counts) in the
neutron pattern and is about 0.38 A wide. The integrated
intensity is substantial (roughly 10% I/I,). The intensity
of the peaks between n; and n;,, i = 2, is weaker than the
peak between n, and n,, as in the electron diffraction
experiment, and the i = 2 peaks are not obvious in the
neutron pattern. The presence of the broad peaks between
n; and n;y,, { = 1, 2 in the neutron experiment confirms
that the 24a, modulation period is indeed a common
feature of the crystallites.

There is a broad Bragg peak at 1.37 A centered near the
calculated maximum mj in the neutron pattern that is
observed but not calculated by any model 1-7. This peak
may be caused by the 6 X ¢, (24a,) superlattice, some
other aspect of the short-range order tﬁmt was not modeled
in the neutron diffraction analysis, or by an unidentified
impurity.

Description of Structure. The average structure of
Ba,La,Cu,Sn;0,, is described by a 1a, X 1a, X 4a, subcell
that contains a statistical distribution of the oxygen atoms
in the tin—oxygen layers, 02, over an 8t site (and a sta-
tistical distribution of the oxygen atoms in the copper—
oxygen layers, 04, over a different 8¢ site), models 6 and
7. Model 6 is judged superior to model 7 because it has
fewer structural variables (17 versus 31) and all of the
temperature factors are positive. The observed, calculated
and difference patterns along with the allowed reflections
for model 6 are displayed in Figure 8. The overall fit is
acceptable but reflects the inability to model the effects
of short-range correlation of the SnO; rotations. Note that
the difference in coherent scattering lengths allowed the
refinement of the distribution of lanthanum and barium
cations. The atomic parameters for model 6 appear in
Table IV. A polyhedral representation of the structure
is shown in Figure 9.

Electron diffraction indicates (1) the 1a, X la, X 4a
subcell cannot describe all of the long-range structurni
information, that is, the structure is modulated,?” and (2)
the modulations are commensurate with a dominant su-
perlattice of v'2a, X v/2a, X 24a,. No attempt has been
made to model the structure based on the 5.5 X 5.5 X 97
A supercell. Such a model would have to account for the
strong diffraction from and the uniqueness of the [310]
zone and the diffuse peaks in the neutron pattern.

The similarity of the stannate to T1,Ba,Ca,Cu,04'%!?
(2212) can be seen when it is written Sn,(Ba,La)LaCu,0,,
(2312). The thallium compound has a sequence of CaO
CuO; BaO [T10 T10] BaO Cu0Q, Can perpendicular to ¢,
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Figure 5. High-resolution image obtained from the [100] zone. The 16.23-A cell is outlined.

Table IV. Atomic Parameters for Ba,La;Cu;Sn,0,,°

atom site z/a (ox) ¥/b (ay) z/c (02) B (A? (oB) occupancy
Lal 1c 1/, 1 0 0.53 (5) 1*
La2/Ba2 2h 1/, lj, 0.2244 (1) 0.92 (5) 0.14/0.86 (2)
La3/Ba3 1d 1, 1, s 0.55 (4) 0.72/0.28 (2)
Cu 2g 0 0 0.1097 (1) 0.34 (3) 1
Sn 2g 0 0 0.3693 (1) 0.16 (3) 1
01 1b 0 0 1, 2.20 (8) 1
02 8t 0.0894 (6) l,’z 0.3811 (2) 1.67 (5) 1/
03 2g 0 0.2466 (2) 1.82 (5) 1
04 8t 0.0170 (18) 1, 0.0967 (1) 0.52 (4) 1,
Obv la 0 0 0 [

@ Model six, space group P4/mmm and a = 3.9893 (3), ¢ = 16.232 (1) A, and Z = 1. ®Value refined to La2/Ba2 = 0.98/0.02 (2) and was
set to value above in final refinement. ©Value refined to 0.00 (2) and was set to zero in final refinement.

whereas the tin compound has a sequence Lan CuQ, BaO
[SnO, La0 Sn0,;]Ba0 CuO, LanO perpendicular to c. The
thallium—oxygen octahedra share edges and the tin—oxygen
octahedra share corners.

Properties. Magnetic susceptibility measurements
from 5 to 300 K on a quenched sample display a broad
maximum above 300 K consistent with two-dimensional
antiferromagnetic order. The material is a semiconductor
and has a room temperature resistance of about 2000 Q cm.
A sample that was previously slowly cooled from 500 °C
in oxygen exhibits a diamagnetic signal below 30 K. The
transition is broad and the shielding fraction is less than
0.1%. A very small impurity (less than 2% I/I,) is present
in the X-ray diffraction pattern. The impurity has a

diffraction pattern similar to La,CuQ,. On the basis of -

the diffraction pattern of the impurity and the 30 K
transition temperature, it is assumed that La, ,Ba,CuQ,
is responsible for the diamagnetic signal. Under the syn-
thesis conditions reported, Ba,La,Cu,Sn,0,; appears to
be a point compound. Attempts to dope it p-type with
barium, strontium, or calcium for lanthanum or n-type

with cerium for lanthanum have produced a mixture of
phases.

Discussion

Synthetic Strategy. There are several examples of
cuprates that contain two B cations and employ ordered
oxygen vacancies to achieve a layered structure. Com-
pounds include BasLaCu,Ta0g,!**%* LaSrCuTO; (T =
Ga,2* AP), LnSr,Cu,TO, (T = Ga*, Al,>?! Fe, Co®), and
YBaCuFe0;."%>% The important aspects to consider

(28) Greaves, C.; Slater, P. R. Physica C 1989, 161, 245.

(29) Rey, M.-J.; Dehaudt, Ph.; Joubert, J.; Hewat, A. W. Physica C
1990, 167, 162,

(30) Vaughey, J. T.; Shumaker, R.; Song, S. N.; Ketterson, J. B.; Po-
eppelmeier, K. R. Mol. Cryst. Lig. Cryst. 1990, 184, 335.

(31) Slater, P. R.; Greaves, C. Physica C 1991, 180, 299.

(32) Mayer, C.; Hartmann-Boutron, F.; Gros, Y.; Strobel, P. Solid
State Commun. 1990, 76, 163.

(33) Pissas, M.; Mitros, C.; Kallias, G.; Psycharis, V.; Niarchos, D.;
SWA.;KMMA.;MMC. Pmdu,K.th (o lﬂl
185-189, 533.
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Figure 6. Electron diffraction patterns obtained as a single grain was tilted from [100] to [110] around the tilt axis [001]. Numbers
at the lower right indicate the zone, and numbers at the lower left indicate the rotation angle about [001].

when one targets new oxygen-deficient mixed-metal cup-
rates are the desired coordination environments for cop-
per® and the other B cation (the environments should be
different), the copper-to-B-cation ratio, the number of
vacancies needed per formula unit, and the size and charge
of the A cations.

The structure of Ba,La,Cu,Sn,0,, illustrates how or-
dered vacancies can be incorporated to produce layered
structures. Two copper atoms share each oxygen vacancy
and form CuO;-0-CuOj; units parallel to [001]. The va-
cancies order in (001) AQ,, planes (the first four indicates
the number of vacant perovskite oxygen sites around each
A cation and the second four indicates the number of A
cations around each vacant oxygen site) and provide
double copper-oxygen layers and square pyramidal copper.
A statistical distribution of B cations is avoided because
tin(IV) strongly prefers octahedral coordination. The tin
atoms form corner-shared double-octahedral slabs that
interleave the copper—oxygen layers.

Copper-Tin Size Mismatch. The physical explanation
for the modulated structure is related to the size difference
of copper and tin. There is a severe mismatch across the
interface of the copper-oxygen and tin—oxygen nets.*® The

(34) Vaughey, J. V.; Poeppelmeier, K. R. NIST Pub. 804, Proceedings
of the International Conference on Chemistry of Electronic Ceramic
Materials; Davies, P. K., Roth, R. S., Eds.; U.S. Government Printing
Office: Washington, DC, 1991; pp 419-426.

(35) Copper(II) is known in six (elongated octahedral), five (square
pyramidal and trigonal bipyramidal), and four (square planar and tet-
rahedral) coordination.

(36) A common copper—copper distance within a CuQ,, layer is 3.8
A. A common tin-tin distance within a SnO,, layer is 4.1 A.

Table V. Bond Distances® and Angles for Ba,La,Cu,Sn,0,,’
Bond Distances

Lal-04 2.486 (4) X 4 Cu-04 2007(1) x4
04 2592 (4) x4 -03 2222 (3)
La2-04 2.830 (5) x 2 Sn-03  1.998 (4)
03 2843 (5) x4 02 2.035(1) x4
-04 2925(1) x2 -01 2115(2)
-02 3.026 (3) x 2
-02 3464(3) x2
La3-02 2531 (2) x4
-01 2821 (1) X 4
-02 3.041(2) x4
Bond Angles®
04-Cu-04 89.36 (1) 02-Sn-02  89.52 (2)
03-Cu-04 96.04 (7) 01-Sn-01  84.77 (9)
Cu—-04-Cu 1673 (5) Sn-02-Sn  157.1 (5)
Rotation Angles
Cu—Cu-04 19 (4) Sn-Sn-02 10.1 (1)

2For oxygen atoms within 3.5 A. ?Bond distances in angstroms,
and bond angles in degrees. °For oxygen atoms with the same
sense of rotation about [001].

mismatch is two-dimensional and places the longer Sn-O
bonds under compression®” and the shorter Cu—O bonds
under tension. The mismatch is partly relieved by rotation
of the tin—oxygen octahedra; see Table V for rotation an-
gles. The correlation of the sense of the SnO; rotations
is about 97 A parallel to [001]. The modulated structure
is characteristic of the correlation of the SnQjg rotations
and/or other structural modifications, such as displace-

(37) Brisse, F.; Knop, O. Can. J. Chem. 1968, 46, 859.
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Figure 7. Electron diffraction pattern from the [310] zone. Extra reflections occur at g = !/,(130) + (00!). n;and m; (i, j = 1, 2,
3, ...) mark the maximum and minimum intensities of the 24 reflections from n; to n;;; or m; to mj;;. An expanded view of the g =

1/,2(130) + (00) reflections is shown below.
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Figure 8. Observed (+), calculated (solid line), and difference (below) neutron diffraction patterns for Ba,La,Cu,Sn,0,;,. Numbers
refer to h of an hl4 reflection. Tic marks designate possible Bragg reflections for Ba;La;Cu,;Sn;0y, (upper) and BaSnO, (lower). Inset
shows an expanded view of the difference pattern. Differences greater than 100 counts are clipped. Note the prominent diffuse peak

between n; and n,.

ments of the A cations, the rotations cause. The structure
might show correlation of the rotations over distances
longer than 100 A if single crystals can be grown or if the
microstructure can be controlled with thermal or chemical
treatments. In these cases, one of the models 2-5 would
likely describe the structure, and the physical properties
might be significantly affected.

As a result of the copper-tin size mismatch, the in-plane
copper—oxygen bond length is 2.007 (1) A, which is about
0.04-0.10 A longer than in high-temperature cuprate su-
perconductors. For example, the in-plane bond lengths

for YBa,Cuy0ggq, ' are 1.928 (1) and 1.962 (1) A. The axial
copper—oxygen bond length in Ba,La,Cu,Sn,0,, is long
owing to a Jahn-Teller distortion, just as in YBa,CuyOgsg,.
Bond distances and angles are shown in Table V.
A-Cation Order. The A cations are ordered. Lan-
thanum occupies the eight-coordinate site between the
copper—oxygen planes. In addition, lanthanum preferen-
tially (72/28) occupies the 12-coordinate site between the
tin-oxygen planes. Barium preferentially (86/14) occupies
the 12-coordinate site between the copper—oxygen and
tin—oxygen planes. The tetravalent tin atoms are displaced
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Figure 9. Polyhedral representation of the structure of Ba,-
LayCusSn,0;, viewed down [100]. The octahedra are SnOj,
pyramids are CuOp, largest spheres are barium sites, medium
spheres are lanthanum sites, and smallest spheres are oxygen
vacancies. The disorder associated with oxygen atoms 02 and
04 is not shown.

away from the site preferentially occupied by lanthanum,
La2/Ba2 (formal charge +2.72), toward the site preferen-
tially occupied by barium, La3/Ba3 (formal charge +2.14).
All of the in-plane oxide ions that are bonded to tin and
copper are displaced toward the more highly charged
A-cation sites (Lal and La2). The complex crystal chem-
istry leads to buckled tin-oxygen and copper—oxygen
planes and causes the Sn—02-Sn (157.1° (5)) and Cu-
04-Cu (167.3° (5)) angles to deviate from the linear value

Anderson et al.

of 180°. The copper—copper distance from one CuO,,,
layer to the one directly above or below it is 3.56 A, which
opens the possibility for incorporation of oxygen between
the layers; however, no excess oxygen is detected by
thermogravimetric analysis of quenched samples or sam-
ples slowly cooled in flowing oxygen.

Tin—Oxygen Double Layers. The tin—oxygen double
layers are an interesting and unexpected features of this
material. Several examples are known where the chain
copper of YBayCu30, has been replaced with another metal
atom,'™® but all have single M-O layers. In compounds
such as Ba,LaCu,MOg (M = Nb, Ta)'*** and the present
compound, the A-cation site between the CuO, /MO,
interface is abnormally large owing to the size of the Kd
ion and the long apical copper-oxygen bond. In all the
compounds, the site is occupied by barium. In general,
it appears that when B cations larger than copper are

resent an ion significantly larger than lanthanum (1.34

), such as barium (1.51 A), is required between the Cu-O
and M-O layers to stabilize the structure. In the present
compound, the additional tin—oxygen layer is necessary in
order to have one barium per copper and maintain elec-
troneutrality and proper oxygen content. To underscore
the need for a large A cation, we point out that for the
stannate to have single M—0O layers and one oxygen va-
cancy per unit cell, the composition would have to be
“BaLa,Cu,Sn0g” and a significant amount of lanthanum
would reside on the A-cation site between the copper—
oxygen/tin—oxygen layers. A sample prepared at this
composition is a mixture of phases, predominantly Ba-
Sn0;, Ba;La,Cu,Sn,0,;, and a La-Ba-Cu-0 (214-type)
phase. For mass balance there must be a copper-rich phase
such as CuO present, but none was positively identified.
In addition, the phases “M;La;CuySn,0;,” do not form
with alkaline-earth M atoms smaller than barium, such as
strontium and calcium.

Structure-Property Relationships. The structure—
property relationships in the double-layer compound
Ba,La;Cu,Sn,0,; (BaLaCuSnO;g,) are likely similar to
those in the single-layer compound La,CuSn0O¢.2 Both
compounds have an anisotropic (i.e., layered) distribution
of B cations and are characterized by a severe mismatch
across the SnO,,,/CuOy, interface. In both compounds,
the mismatch causes the SnOg octahedra to rotate,
stretches the copper—oxygen bond lengths (1.99 A average
in the single-layer compound, 2.00 A average in the dou-
ble-layer compound) and buckles the copper-oxygen
planes (157-165° and 167°, respectively). When La,Cu-
Sn0; is oxidized, i.e., La;_.Ba,CuSnO; (0.00 < x < 0.15),
the compound remains an antiferromagnetic semicon-
ductor.’® The inability to make La, ,Ba,CuSnO; a su-
perconductor most likely results from the long in-plane
copper—oxygen bond lengths, which provide poor overlap
of the Cu d,2.,2 and O 2p orbitals. In contrast to La,Cu-
SnO;, we have not been able to incorporate dopants to
oxidize Ba,La,Cu,;Sn0;. If the compound can be oxidized,
the electronic behavior of the copper-oxygen planes is
expected to be similar to La,_,Sr,.CuSnQg. If either com-
pound can be reduced, the structure-property relationships
may be different owing to the long in-plane copper-oxygen
bond lengths, which may be favorable for n-type super-
conductivity.

Conclusions

In mixed-metal oxides, ordered oxygen vacancies cou-
pled with a difference in cation coordination preferences

(38) Anderson, M. T.; Poeppelmeier, K. R.; Gramsch, S. A.; Burdett,
J. K. J. Solid State Chem., in press.
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can be employed to control the formation of two-dimen-
sional features in three-dimensional structures. Ba,La,-
Cu,Sn,0;; and other multication compounds such as
high-temperature superconductors adopt a common and
relatively simple structure type (perovskite), but their
crystal chemistry is complex and leads to complicated
distortions of the basic structure. The nature of the dis-
tortions and their effect on the structure and solid-state
chemistry must be understood in order to control and
ultimately understand their electronic and other physical
properties. Superconductivity may be possible in Ba,-
La,Cu,Sn,0,; provided several factors can be addressed
and overcome, such as the inability to chemically oxidize
or reduce the compound, the diminished overlap of the
copper d,z2_» and oxygen 2p orbitals, and the control of the

microstructure by thermal or chemical treatments.
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The preparation of siloxane polymers as precursors to silicon carbide has been investigated. To make
these polymers useful as binder materials for ceramic powders in the preparation of dense (sintered) ceramic
monoliths, methods were developed to control the silicon carbide to carbon ratios in the polymer derived
ceramic. Insights into the chemistry of the conversion of these high oxygen polymers to silicon carbide
ceramics were obtained by following the pyrolysis products by elemental analysis, quantitative X-ray
diffraction, Si MAS NMR spectroscopy, Raman spectroscopy, and transmission electron microscopy. The
pyrolysis proceeds by the formation of an amorphous SiCO material at 1200 °C that continues to undergo
an Si-0 for Si~C bond redistribution so that trace amounts of 8-SiC are seen at 1400 °C. By 1600 °C the
carbothermic reduction is well underway with only a small percentage of oxygen remaining in the material.
At 1800 °C the pyrolysis is complete. The final ceramic is composed of substantial amounts of crystalline

B-SiC and excess carbon that is present as turbostratic graphite.

Introduction

Since the discovery of polycarbosilane by Yajima! and
its subsequent demonstration as a silicon carbide pre-
cursor, a variety of polymeric precursors to silicon carbide
have been prepared.? While these polymeric precursors
represent synthetic accomplishments, they also present a
variety of challenges for the polymers to be of true ceramic
utility. The majority of these polymers were developed
to “simplify” the fabrication of ceramic films, fibers, com-
posites, and monoliths. Currently shaped ceramic parts
are made by die pressing, injection, and resin transfer
molding, composite reinfiltration and extrusion processes
that employ fugitive binders. Unfortunately, few of the
published polymeric routes to ceramics have the synthetic
versatility to tailor the polymer’s rheology, cure chemistry,
and ceramic composition to the fabrication process re-
quired to make a ceramic article.

Within our laboratories we have been investigating a
variety of preceramic polymers that would be suitable as
binders for the sintering of SiC powders.>®> Since 1953
several literature reports have surfaced that detail the
requirements for pressureless sintering of SiC monoliths:®

*Dow Corning Corp.
 University of Illinois.

(1) high-purity submicron spherical powder; (2) the pres-
ence of 0.3-2 wt % added carbon; (3) a sintering aid, which
is most commonly boron or aluminum; (4) processing to
high temperatures, generally above 2000 °C. On the basis
of these requirements, we have attempted to prepare
polymers that not only function to bind the powders to-
gether but also decompose by temperatures of 2000 °C to
add sufficient amounts of carbon for densification and
additional silicon carbide to reduce the overall shrinkage
associated with the sintering process.

Siloxanes and silsesquioxane sol—gels have been prepared
and touted as useful in a variety of ceramic applications
such as precursors to powders: silicon oxynitride,’ silicon

(1) Yajima, S.; Hayashi, J.; Omori, M. Chem. Lett. 1975, 931.

(2) Baney, R.; Chandra, G. In Encyclopedia of Polymer Science and
Engineering; John Wiley and Sons: New York, 1988; Vol. 13, pp 312-44.

(3) Burns, G. T.; Saha, C. K.; Zank, G. A.; Freeman, H. A. J. Mater.
Sci. 1992, 27, 2131-40.

(4) Atwell, W. H.; Burns, G. T.; Zank, G. A. In Inorganic and Or-
ganometallic Polymers and Oligomers; Kluwer Academic Publishers:
Dordrecht, The Netherlands, 1990; pp 147-59.

(5) Taylor, R. B.; Zank, G. A. Polym. Prepr. (Am. Chem. Soc., Div.
Poly Chem.) 1991, 32, 586-7.

(6) (a) Alliegro, R. A.; Tinklepaugh, T. R. J. Am. Ceram. Soc. 1953,
9, A161. (b) Alliegro, R. A.; Coffin, L. B.; Tinklepaugh, T. R. J. Am.
Ceram. Soc. 1956, 12, 386-9.

(7) Kamiya, K.; Makoto, O.; Yoko, T. J. Non-Cryst. Solids 1986, 83,
208.
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