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This paper reports the results of crystallography and crystal chemistry investigation of the
(Ba;_,Sr,)Y,CuOs (“green phase”) solid solution series by X-ray powder diffraction (XPD) and
neutron powder diffraction techniques. The single phase regions for (Ba;_,Sr,)Y,CuOs were
determined to be 0<x<=0.3 for samples prepared at 810 °C in 100 Pa pq,, and 0<x=<0.7 for
samples prepared at 930 °C in air. All single phase (Ba;_,Sr,)Y,CuOs samples are isostructural to
BaY,CuOs and can be indexed using an orthorhombic cell with the space group Pnma. Lattice
parameters, a,b,c and the cell volume, V, of the (Ba,_,Sr,)Y,CuO5 members decrease linearly with
increasing Sr substitution (x) on the Ba site. The general structure of(Ba,_,Sr,)Y,CuOs can be
considered as having a three-dimensional interconnected network of [YO,],[(Ba,Sr)O,,], and
[CuOs] polyhedra. The copper ions are located inside distorted [CuOs] “square” pyramids. These
pyramids are connected by the [Y,0,;] groups that are formed from two monocapped [YO,]
trigonal prisms sharing a triangular face. The Ba®* ions are found to reside in distorted 11-fold
coordinated cages. The oxygen sites are essentially fully occupied. XPD reference patterns of two
members of the series, (Bag;Sry7)Y,CuOs and (Bag 7Sty 3)Y,CuOs, were prepared for inclusion in

the powder diffraction file. © 2006 International Centre for Diffraction Data.
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I. INTRODUCTION

The development of coated conductor technology has
moved forward at a rapid pace in recent years (Paranthaman
and Tzumi, 2004). High-quality textured conductors have
been successfully produced in long-lengths with various
state-of-the-art techniques, including electron-beam deposi-
tion (Feenstra et al., 1991; Feenstra 1999; Solovyov er al.,
1998; Wu et al., 2001), metalorganic chemical vapor depo-
sition (Selvamanickam et al., 2004), pulsed laser deposition
(Usoskin and Freyhardt, 2004), and open-air solution meth-
ods (Rupich et al., 2004; McIntyre et al., 1995; Yoshizumi
et al., 2004). Commercialized practical applications of these
conductors are within reach in the near future.

The state-of-the-art technologies for producing textured
coated conductors are ion beam assisted deposition (IBAD)
(Tijima et al., 2004; Reade et al., 1992; Foltyn et al., 1993;
Arendt and Foltyn, 2004), rolling assisted biaxially textured
substrate (RABITS) (Goyal et al., 2004; Malozemoff ef al.,
2000; Paranthaman et al., 2000; Goyal et al., 2001; Aytug
et al., 2003), Paranthaman et al., 1997), and to a smaller
extent, the inclined substrate deposition (ISD) technique
(Bauer et al., 1999; Balachandran and Chudzik, 2002). As
with all high-T. applications, the issues of cost and perfor-
mance are intimately linked to the optimized processing of
these materials. All the IBAD, RABITS, and ISD methods
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involve deposition of Ba, YCu;30s,. (Y)-213 or Ba,RCu;30g,.
(R-213) films on biaxially textured buffered substrates. For
example, typically an IBAD buffered substrate consists of a
layer, such as SrTiO;, sandwiched between a Ni-alloyed sub-
strate and a Y-213 layer. Therefore, an understanding of the
interaction between the buffer layer and the superconductor
phase is imperative for the processing of these tapes.

One of our current projects is to characterize the reaction
products of the interactions between Y-213 and SrTiO;.
Since BaY,CuOs is known as the impurity “green phase”
(Wong-Ng et al., 1989; Wong-Ng et al., 1995; Watkins e al.,
1988; Michel and Raveau, 1982; Hazen et al., 1987; Hsu
et al., 1996; Ross et al., 1987; Fjellvag et al., 1987; Sato and
Nakada, 1989; Hunter et al., 1989; Salinas-Sanchez et al.,
1992; Buttner and Maslen, 1993; Shaked et al., 1993) during
processing of Y-213, Sr-doped BaY,CuOs is also one of the
potential interaction products. The goal of this paper is to
characterize the (Ba,_,Sr,)Y,CuOs solid solution series, in-
cluding the homogeneity range, crystal structural trend, and
crystal chemistry of the members due to the substitution of
Ba by Sr. The characterization techniques include X-ray
powder diffraction (XPD) and neutron powder diffraction
(NPD). Since X-ray reference powder diffraction patterns are
critical for phase characterization, we have also prepared
powder patterns of selected (Ba,_,Sr,)Y,CuQOs phases for in-
clusion in the powder diffraction file (PDF).

© 2006 JCPDS-ICDD 200
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Figure 1. XPD patterns for (Ba;_,Sr,)Y,CuOs prepared at 930 °C (in air).
The presence of peaks due to second phase impurities, such as Y,O3, is
indicated by arrows in the pattern of x=0.8.

Il. EXPERIMENTAL
A. Sample preparation

Certain commercial equipment, instruments, or materials
are identified in this paper to foster understanding. Such
identification does not imply recommendation or endorse-
ment by the National Institute of Standards and Technology,
nor does it imply that the materials or equipment identified
are necessarily the best available for the purpose. Two series
of (Ba,_,Sr,)Y,CuOs samples (x=0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, and 0.9) were prepared using the high-temperature
solid-state technique. One series was prepared in air, while
the other one was in 100 Pa Po, in Ar by volume (or 0.1%
0,). According to the stoichiometric ratios, the mixtures of
Y,0; (99.999%), CuO (99.99%), SrCO; (99.99%), and
BaCOj; (99.99%) were first heat treated at 750 °C for 5 h to
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Figure 2. Variation of lattice parameter a versus composition (x) in
(Ba,_,Sr,)Y,CuOs. The solid dot refers to the average literature a value for
BaY,CuOs (Wong-Ng et al., 1989; Wong-Ng er al., 1995; Watkins et al.,
1988; Michel and Raveau, 1982; Hazen et al., 1987; Hsu et al., 1996; Ross
et al., 1987; Fjellvag et al., 1987; Sato and Nakada, 1989; Hunter et al.,
1989; Salinas-Sanchez et al., 1992; Buttner and Maslen, 1993; Shaked et al.,
1993), with standard deviation (1 sigma) indicated.

decompose the carbonates, and then
reground and reheated at 930°C (in air) and
810 °C (100 Pa poz), respectively, for 21 days with interme-
diate grindings and pelletizations. The annealing process was
repeated until no further changes were detected in the pow-
der X-ray diffraction patterns.

Phase analyses were carried out using a Phillips X-ray
powder diffractometer with Cu Ka radiation and equipped
with a series of Soller slits and a scintillation counter. The 26
scanning range was from 3° to 66°, and the step interval was
0.03°. The reference diffraction pattern of BaY,CuOs (PDF
38-1434) (ICDD, 1987) was used for performing phase iden-
tification.

B. X-ray reference powder diffraction patterns

The green (Ba;_,Sr,)Y,CuOs powders were mounted in
zero-background quartz holders with double-sided adhesive
tape. A Scintag PAD V diffractometer equipped with an
Ortec intrinsic Ge detector was used to measure the powder
patterns (Cu K« radiation, 40 kV, 30 mA) from 3° to 140°
26 in 0.02° steps, counting for 10 s per step.

TABLE 1. Refined lattice parameters of the orthorhombic (Ba,_,Sr,)Y,CuOs compounds (space group Pnma); the average lattice parameters of BaY,CuOs
from 11 literature sources (Wong-Ng er al., 1989; Wong-Ng et al., 1995; Watkins er al., 1988; Michel and Raveau, 1982; Hazen ef al., 1987; Hsu et al., 1996;
Ross et al., 1987; Fjellvag et al., 1987; Sato and Nakada, 1989; Hunter et al., 1989; Salinas-Sanchez et al., 1992; Buttner and Maslen, 1993; Shaked et al.,

1993) are a=12.174(14) A, b=5.657(3) A, ¢=7.131(3) A, V=491.28(71) A3.

X 0.10 0.20 0.30 0.40 0.50 0.60 0.70
810 °C 810 °C 810°C

Prep. 100 Pa 930 °C 100 Pa 930 °C 100 Pa 930 °C 930 °C 930 °C 930 °C 930 °C
condition Po2 air Po2 air Po2 air air air air air

a, A 12.16681(5) 12.16747(7)  12.15093(5) 12.15212(7) 12.1343(1)  12.13823(7) 12.1237(1) 12.1062(2) 12.0865(1) 12.0754(1)
b, A 5.65359(2)  5.65369(3)  5.64680(2)  5.64749(2) 5.63980(4) 5.64147(2)  5.63510(8)  5.6280(1)  5.61929(5) 5.61419(5)
¢, A 7.13120(3)  7.13129(4)  7.12736(3)  7.12803(4)  7.12294(6)  7.12493(3)  7.1211(1) 7.1160(1)  7.11031(6)  7.10741(6)
v, A3 490.530(4)  490.569(5)  489.036(5)  489.190(5) 487.460(7) 487.898(4)  486.50(1)  484.84(1)  482.916(8) 481.839(7)
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Figure 3. Variation of lattice parameter b versus composition (x) in
(Ba,_,Sr,)Y,CuOs. The solid dot refers to the average literature b value for
BaY,CuOs (Wong-Ng et al., 1989; Wong-Ng et al., 1995; Watkins et al.,
1988; Michel and Raveau, 1982; Hazen et al., 1987; Hsu et al., 1996; Ross
et al., 1987; Fjellvag et al., 1987; Sato and Nakada, 1989; Hunter et al.,
1989; Salinas-Sanchez et al., 1992; Buttner and Maslen, 1993; Shaked et al.,
1993), with standard deviation (1 sigma) indicated.

All date processing and structural refinements were car-
ried out using the GSAS Suite of Rietveld software (Larson
and von Dreele, 1985; Rietveld, 1969). The reported struc-
ture of BaY,CuOs (Watkins er al., 1988) was employed as a
starting model. Included in the refinements were the atomic
coordinates and isotropic displacement coefficients, a scale
factor, a sample displacement coefficient, and the lattice pa-
rameters. The peak profiles were described using a pseudo-
Voigt function; only the Cauchy Y (strain) terms were re-
fined. The backgrounds were described using a three-term
cosine Fourier series.

X-ray reference powder patterns of (Ba;_,Sr,)Y,CuOs
were obtained with a Rietveld pattern decomposition tech-
nique. These patterns represent ideal specimen patterns that

7.140
7.135 4 +  810/0.1% Q,
& Literature
b4 x  830/air
7.130 —_— =7.13644 - 0.04 141X
o 7125
c
<
9 7120 4
7.115 1
7.110 4
7‘105 T T L T
00 02 0.4 0.8 08
x

Figure 4. Variation of lattice parameter ¢ versus composition (x) in
(Ba,_,Sr,)Y,CuOs. The solid dot refers to the average literature ¢ value for
BaY,CuOs (Wong-Ng et al., 1989; Wong-Ng et al., 1995; Watkins ef al.,
1988; Michel and Raveau, 1982; Hazen et al., 1987; Hsu et al., 1996; Ross
et al., 1987; Fjellvag et al., 1987; Sato and Nakada, 1989; Hunter et al.,
1989; Salinas-Sanchez et al., 1992; Buttner and Maslen, 1993; Shaked et al.,
1993), with standard deviation (1 sigma) indicated.
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Figure 5. Variation of unit cell volume V versus composition (x) in
(Ba,_,Sr,)Y,CuOs. The solid dot refers to the average literature V value for
BaY,CuOs (Wong-Ng et al., 1989; Wong-Ng et al., 1995; Watkins er al.,
1988; Michel and Raveau, 1982; Hazen et al., 1987; Hsu et al., 1996; Ross
et al., 1987; Fjellvag et al., 1987; Sato and Nakada, 1989; Hunter et al.,
1989; Salinas-Sanchez ef al., 1992; Buttner and Maslen, 1993; Shaked et al.,
1993), with standard deviation (1 sigma) indicated.

have been corrected for systematic errors, both in d spacing
and intensity. The reported peak positions are calculated
from the refined lattice parameters, as they represent the best
measure of the peak positions.

C. NPD experiment

To obtain detailed structural information and to confirm
the Ba/Sr composition ratio, one member of the
(Ba,;_,Sr,)Y,CuOs series with a nominal composition of
Ba 551 sY,CuO5 was selected for the NPD study. NPD data
were collected using the 32 detector BT-1 diffractometer
with a Cu (311) monochromator (A\=1.5403 A) at the NIST
Center for Neutron Research. Samples were loaded in a
0.5 in. diameter vanadium can. Measurement was made un-
der ambient conditions. The 26 angular scanning range was
from 3° to 168° with steps of 0.05°. Structure refinement
was performed using the program GSAS (Larson and von
Dreele, 1985) and the initial structure parameters were taken
from the report of BaY,CuOs (Watkins et al., 1988). The
neutron scattering length for Ba, Sr, Y, Cu, and O are 0.525,
0.702, 0.775, 0.772, and 0.585 (X107'2 cm), respectively.
The scale factor, background function parameters (high-order
polynominals), profile parameters U, V, W, and asymmetry
coefficient, lattice parameters, atomic coordinates, and mean
square displacement factors were varied in the refinement.
The mean square displacement factors of the same atom
types were constrained to be equal in the calculation.

D. Differential thermal analysis/ thermogravimetric
analysis (DTA/TGA)

Two selected samples, BaY,CuOs and Ba 5Sr; 5Y,CuOs
were used for DTA/TGA studies to determine the effect of
atmosphere and annealing temperature on oxygen stoichiom-
etry. For these studies, a Mettler TAl thermoanalyzer
equipped with Anatech control firmware and data acquisition
software was employed. Sample masses of 55 mg to 60 mg,
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contained in MgO crucibles, were used. Gas of the desired
composition, supplied from analyzed cylinders, was flowed
continuously through the sample area at a rate of
~70 ml/min. During the DTA experiments, temperature was
ramped at 10 °C/min. The DTA/TGA thermocouple was
calibrated against the a/B quartz transition (571 °C), and
the melting points of NaCl (801 °C) and Au (1064 °C).
DTA/TGA temperatures have an uncertainty of less than
+5 °C (standard error of estimate).

lll. RESULTS AND DISCUSSION

The results pertaining to the characterization of the
(Ba;_,Sr,)Y,CuOs solid solution are discussed in the follow-
ing four areas: (1) Solid solution range for
(Ba,_,Sr,)Y,CuOs; (2) Rietveld structural refinement of
(Bag 5Sry5) Y,CuOs using NPD data; (3) a comparison of the
structure of the members in (Ba,_Sr,)Y,CuOs; and (4)
X-ray reference diffraction patterns for (Ba;_,Sr,)Y,CuOs.

Figure 7. Perspective view of the (BajsSry5)Y,CuOs structure along the b
axis, showing the isolated square pyramids of [CuOs] and the trigonal RO,
prisms around the rare-earth atoms.
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A. Solid solution range for (Ba;_,Sr,)Y,CuO;

A complete solid solution of (Ba;_,Sr,)Y,CuOs was not
obtained under both air and 100 Pa pg,. This result confirms
the report by Roth et al. (1989) that the SrY,CuQOjs phase is
absent in the phase diagram of the StO—-1/2Y,05;—CuO sys-
tem. The XPD results showed that the single phase solid
solution ranges for (Ba;_,Sr,)Y,CuOs are 0=x=0.3 and 0
=x=0.7 when the samples were prepared in 100 Pa py, and
in air, respectively. The X-ray diffraction patterns of the
(Ba;_,Sr,)Y,CuOs samples prepared in air are presented in
Figure 1. A small amount of impurity phases, including
Y,0;5, is discernible in the X-ray pattern of the x=0.8
sample. All single phase samples could be indexed by using
the structure of the green phase, BaY,CuOs, which has an
orthorhombic Pnma space group.

The lattice parameters of (Ba;_Sr,)Y,CuOs obtained
from powder XPD data are listed in Table I. As was ex-
pected, because the ionic radius of Sr%* is smaller than that of
Ba?* (Shannon, 1976), the lattice parameters, a, b, and c, of
the unit cell and volume, V, decrease as the amount of the
St?* (x) (Figures 2-5) increases. The linear dependence of
the lattice parameters and the unit-cell volume on the content
of the Sr?* ion is expressed as following functions:

Figure 8. Coordination environments of Y,O;; formed by two YO, groups
found in the (Bay5Sry5)Y,CuOs structure.
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Figure 9. Coordination environments of (Ba, Sr),0;3 formed by two
(Ba, Sr)Oy, units found in the (BajsSr,s)Y,CuOjs structure.

a=12.18412 - 0.15684x,
b =5.666090 — 0.06695x,
c=7.13644 - 0.04141x,

V=492.221-14.927x.

Because the solid solution range is different for the two se-
ries of samples, it is likely the result of them being annealed
at two different temperatures. Refinement results using neu-
tron diffraction data (discussed below) did not indicate any
oxygen-deficient sites. Furthermore, DTA/TGA results sug-
gest that oxidation/reduction was not involved in this series
of samples. For example, the DTA/TGA data for the
BaY,CuOs sample did not show any measurable oxygen
loss as the sample was heated under po,=100 Pa until the
sample melted at =1192°C. Similarly, as the
Bay 551y sY,CuO5 sample was annealed at 600 °C, at pg,
=100 Pa, then annealed at 810 °C, at pp,=100 Pa, there
was no thermogravimetric indication of a change in oxy-
gen stoichiometry. The same Bag 551 sY,CuO5 sample was
annealed further at 600 °C in 100% O, for 10 h, followed
by annealing at 810 °C at pp,=100 Pa for 10 h; again
there was no indication of a change in oxygen stoichiom-
etry.

B. Structural refinement of (BagsSry5)Y,CuOs (NPD)

The refinement result of (BagsSrys)Y,CuOs gives the
ratio of 0.501 (27)/0.499(27) for Ba/Sr, which agrees very
well with the nominal composition. Refinement of oxygen
content yielded the occupancies of 1.007(8), 0.984(9), and
1.008(8) for O1, 02, and O3, respectively. Compositions for
the other (Ba,_,Sr,)Y,CuOs compounds were, therefore,
fixed at their nominal compositions in further structural
analyses. Figure 6 shows the observed and calculated NPD
pattern for (Ba, sSry5)Y,CuOs at room temperature.

Figure 7 presents a perspective view of the structure of
(Bag 5S1y5)Y,CuOs along the b axis. (Bag5Srys)Y,CuOs is
confirmed to be isostructural to the green phase BaR,CuOs

204 Powder Diffr., Vol. 21, No. 3, September 2006

Figure 10. Projection of the structure of (Bay 5Sry5)Y,CuOs at y=1/4 (bro-
ken line) and y=3/4 (solid line).

analogs (R=lanthanides) (Wong-Ng er al., 1989; Wong-Ng
et al., 1995; Watkins ef al., 1988; Michel and Raveau, 1982;
Hazen et al., 1987; Hsu et al., 1996; Ross et al., 1987;
Fjellvag et al., 1987; Sato and Nakada, 1989; Hunter e al.,
1989; Salinas-Sanchez et al., 1992; Buttner and Maslen,
1993; Shaked et al., 1993). The general structure of
(Bay 5Sr5)Y,CuOs consists of a three-dimensional network
of interconnected [YO], [(Ba,Sr)Oy,], and [CuOs] polyhe-
dra. The copper ions are situated in distorted “square” pyra-
mids [CuOs]. The [Y,0;,] groups are formed from two
monocapped trigonal [YO5] prisms sharing a triangular face
(Figure 8). The (Ba,Sr)** ions are found to reside in dis-
torted 11-fold coordinated cages (Figure 9).

All cations were found to be located in layers along the
y axis, the shortest axis. Consecutive layers are displaced by
the n glide, and the [ YO,] prisms are stacked parallel to each
other with shared trigonal faces (Figure 7). In Figure 10, the
projection of the Y,O;; blocks at y=1/4 is shown as solid
lines and the upper layer at y=3/4 is represented as dotted
lines. These [YO;] prisms can also be viewed as sharing
edges to form wavelike chains parallel to the long x axis that
are crosslinked by the Cu and Ba ions.

C. Comparison of the structure of the
(Ba;_,Sr,)Y,CuO; members

Results of structural refinement for (Ba;_,Sr,)Y,CuOs
using the X-ray data with the GSAS program suite are re-
ported in Table I. Table II cites the Rietveld refinement re-
sults for (Ba;_,Sr,)Y,CuOs. The corresponding refined struc-
tural parameter that include the final refined positional and
thermal parameters are given in Table III. As expected, the
values of the final atomic coordinates for each atom are

Yang et al. 204



TABLE II. Rietveld refinement results for (Ba;_,Sr,)Y,CuOs. Readers are referred to Larson and von Dreele (1985) for the definitions for the symbols in this

table.

X 0.10 0.20 0.30 0.40 0.50 0.60 0.70
810 °C 810°C 810 °C

Prep. 100 Pa 930 °C 100 Pa 930 °C 100 Pa 930 °C 930 °C 930 °C 930 °C 930 °C

condition Por air Po> air Po2 air air air air air

wRp 0.0404 0.0388 0.0405 0.0666 0.0674 0.0493 0.0421 0.0583 0.0541 0.0541

Rp 0.0393 0.0302 0.0308 0.0520 0.0529 0.0379 0.0328 0.0456 0.0417 0.0419

X 2.091 1.974 2.154 1.206 1.496 1.375 2.419 1.896 1.720 1.834

R(F) 0.0288 0.0206 0.0244 0.0347 0.0428 0.02240 0.0318 0.0333 0:0366 0.0323

R(F?) 0.0429 0.0333 0.0343 0.0523 0.0666 0.0356 0.0544 0.0535 0.0540 0.0506

AF* 1.25 1.21 1.03 2.11 2.08 1.13 2.08 1.79 1.87 1.46
-1.55 -0.92 -1.26 -2.08 -1.87 -1.26 -1.36 -1.69 -1.69 -1.83

U 0.288 26.5(4) 0.288 0.288 0.288 0.336 0.336 0.336 0.114 16.41

X 6.27(1) 5.92(2) 6.17(1) 5.03(2) 7.25(3) 3.44(5) 2.526 6.22(7) 7.12(4) 4.51(8)

Y 2.103 2.103 2.103 2.103 2.103 S(hkl) S(hkl) S(hkl) S(hkl) S(hkl)

rather similar in all members of (Ba,_,Sr,)Y,CuOs, as com-
pared to those for BaY,CuOs.

Selected interatomic distances for (Ba;_,Sr,)Y,CuOs are
listed in Table IV. Because the ionic radius of the Sr** ion is
substantially smaller than that of the Ba’* ion (Shannon,
1976), the change in the (Ba,Sr)—O bond length with com-
position [i.e., with the “x” value in (Ba,_,Sr,)Y,CuOs] is
more apparent than those of other metal-oxygen bond dis-
tances. It is this notable shortening of the (Ba, Sr)—O bonds
that is primarily responsible for the apparent decrease of the
lattice parameters with increasing Sr’* content (x). Within

the [(Ba,Sr)O;,] group, the (Ba,Sr)-O bond distances are
between 2.493 A and 3.253 A, giving rise to a much dis-
torted polyhedron.

The bond valence sum values, V,, for Ba, Y, and Cu
were calculated using the Brown-Altermatt empirical expres-
sion (Brese and O’Keeffe, 1991; Brown and Altermatt,
1985), and the results are listed in Table V. The V, of an
atom i is defined as the sum of the bond valences v;; of all
the bonds from atoms i to atoms j. The most commonly
adopted empirical expression for the bond valence v;; as a
function of the interatomic distance d;; is

TABLE III. Refined structural parameters of the orthorhombic (Ba,_,Sr,)Y,CuOs compounds (y=1/4 for Ba/Sr, Y, Cu and O3).

X 0.10 0.20 0.30 0.40 0.50 0.60 0.70

810 °C 810 °C 810 °C
Prep. 100 Pa 930 °C 100 Pa 930 °C 100 Pa 930 °C 930 °C 930 °C 930 °C 930 °C
condition Po2 air Po2 air Po2 air air air air air
Ba/Sr, x 0.9055(0) 0.9054(0) 0.9058(0) 0.9057(0) 0.9061(1) 0.9063(0) 0.9072(0) 0.9078(1) 0.9085(1) 0.9090(1)
V4 0.9302(0) 0.9300(0) 0.9300(0) 0.9295(1) 0.9299(1) 0.9296(1) 0.9288(1) 0.9289(1) 0.9281(1) 0.9280(1)
Ui, 0.58(2) 0.39(2) 0.43(2) 0.70(3) 0.36(3) 0.70(2) 0.30 0.30 0.76(4) 0.95(4)
Y1, x 0.2881(0) 0.2883(0) 0.2881(0) 0.2883(1) 0.2882(1) 0.2882(0) 0.2881(1) 0.2878(1) 0.2877(1) 0.2876(1)
z 0.1161(1)  0.1164(1)  0.1162(1)  0.1163(2)  0.1154(2) 0.1159(1)  0.1159(1)  0.1157(2) 0.1154(1)  0.1160(1)
Ui, 0.22(1) 0.06(1) 0.05(1) 0.28(2) 0.05(2) 0.25(1) 0.20 0.20 0.01(2) 0.28(2)
Y2, x 0.0740(0) 0.0741(0) 0.0739(0) 0.0739(1) 0.0735(1) 0.0742(0) 0.0737(1) 0.0739(1) 0.0739(1) 0.0738(1)
V4 0.3957(1) 0.3958(1) 0.3955(1) 0.3953(1) 0.3950(2) 0.3949(1) 0.3952(1) 0.3951(1) 0.3946(1) 0.3949(1)
Cu, x 0.6594(1)  0.6593(1)  0.6595(1)  0.6598(2)  0.6598(2) 0.6597(1)  0.6599(1)  0.6605(2) 0.6606(1)  0.6606(1)
V4 0.7135(1) 0.7136(1) 0.7138(1) 0.7131(2) 0.7140(3) 0.7135(2) 0.7145(2) 0.7139(3) 0.7139(2) 0.7141(2)
Ui, 0.42(4) 0.26(4) 0.28(4) 0.50(6) 0.21(7) 0.50(5) 0.20 0.20 0.33(6) 0.48(6)
Ol, x 0.4328(3) 0.4333(3) 0.4330(3) 0.4327(4) 0.4312(4) 0.4320(3) 0.4330(4) 0.4327(5) 0.4323(4) 0.4326(4)
y ~0.0065(7) -0.0080(6) —0.0065(7) —0.0088(8) —0.0091(8)  —0.0074(7) —0.0075(8) —0.0080(9)  —0.0088(8) —0.0074(8)
V4 0.1646(5) 0.1649(4) 0.1646(5) 0.1640(6) 0.1618(7) 0.1642(5) 0.1662(5) 0.1662(7) 0.1648(6) 0.1645(5)
Ui, 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
02, x 0.2252(3) 0.2254(2) 0.2252(3) 0.2257(4) 0.2251(4) 0.2257(3) 0.2240(4) 0.2246(4) 0.2241(4) 0.2246(4)
y 0.5050(7) 0.5058(7) 0.5044(7) 0.5059(9) 0.5055(10) 0.5064(8) 0.5020(9) 0.5054(10) 0.5058(9) 0.5056(8)
V4 0.3532(6) 0.3531(6) 0.3522(6) 0.3523(7) 0.3491(8) 0.3528(6) 0.3527(7) 0.3510(8) 0.3485(7) 0.3482(7)
Ui, 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
03, x 0.0988(4)  0.0983(4)  0.0983(4)  0.0994(6)  0.0982(6) 0.0979(5)  0.0957(6)  0.0977(7) 0.0968(6)  0.0962(5)
V4 0.0774(7) 0.0779(7) 0.0765(8) 0.0764(9) 0.0760(10) 0.0759(8) 0.0753(9) 0.0728(10) 0.0752(9) 0.0750(8)
Ui, 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
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TABLE IV. Selected bond distances (A) in orthorhombic (Ba,_,Sr,)Y,CuOs. compounds.

X 0.10 0.20 0.30 0.40 0.50 0.60 0.70
810°C 810 °C 810 °C
Prep. 100 Pa 930 °C 100 Pa 930 °C 100 Pa 930 °C 930 °C 930 °C 930 °C 930 °C
condition Po2 air Po2 air Po2 air air air air air
Ba/Sr
-01Xx2 3.058(4) 3.049(4) 3.050(4) 3.049(5) 3.064(5) 3.049(4) 3.019(5) 3.012(6) 3.007(5) 3.003(5)
-01Xx2 3.250(4) 3.253(3) 3.249(4) 3.261(5) 3.268(5) 3.253(4) 3.243(4) 3.241(5) 3.252(4) 3.249(4)
-02X2 2.922(4) 2.918(4) 2.916(4) 2.913(7) 2.896(7) 2.917(5) 2.916(5) 2.904(7) 2.884(6) 2.889(6)
-02X2 3.045(4) 3.046(4) 3.047(4) 3.048(7) 3.062(7) 3.050(5) 3.061(5) 3.073(7) 3.091(6) 3.090(5)
-03 X1 2.576(6) 2.574(6) 2.562(6) 2.576(7) 2.552(8) 2.549(6) 2.512(8) 2.516(9) 2.505(7) 2.490(7)
-03 X2 2.827(0) 2.827(0) 2.824(0) 2.824(0) 2.820(0) 2.821(0) 2.817(0) 2.814(0) 2.810(0) 2.807(0)
Y1
-01Xx2 2.307(4) 2.315(4) 2.306(4) 2.308(5) 2.292(6) 2.297(4) 2.306(5) 2.305(6) 2.301(5) 2.295(5)
-01Xx2 2.350(4) 2.350(4) 2.340(4) 2.345(4) 2.331(5) 2.349(4) 2.337(5) 2.336(5) 2.324(5) 2.316(4)
-02X2 2.337(4) 2.337(4) 2.343(4) 2.339(4) 2.331(5) 2.330(4) 2.343(5) 2.338(5) 2.347(4) 2.351(4)
-03X1 2.320(6) 2.328(6) 2.323(6) 2.314(7) 2.324(8) 2.327(6) 2.351(7) 2.322(8) 2.325(7) 2.330(7)
Y2
-01Xx2 2.361(3) 2.358(3) 2.361(3) 2.351(4) 2.337(5) 2.358(4) 2.366(4) 2.362(5) 2.352(4) 2.352(4)
-02X2 2.289(4) 2.292(4) 2.283(4) 2.294(4) 2.298(4) 2.294(4) 2.282(5) 2.286(5) 2.286(4) 2.275(4)
-02X2 2.357(4) 2.360(4) 2.354(4) 2.363(4) 2.359(4) 2.359(4) 2.329(4) 2.343(5) 2.338(4) 2.342(4)
-03 X1 2.290(5) 2.286(5) 2.293(5) 2.295(6) 2.292(7) 2.291(5) 2.294(6) 2.312(7) 2.289(6) 2.290(6)
Cu
-01Xx2 1.977(4) 1.973(3) 1.976(4) 1.972(4) 1.962(4) 1.968(3) 1.964(4) 1.963(4) 1.960(4) 1.966(4)
-02X2 2.028(4) 2.024(3) 2.026(4) 2.013(4) 2.013(4) 2.011(3) 2.040(4) 2.011(4) 2.005(4) 2.000(4)
-03 X1 2.201(5) 2.208(5) 2.199(5) 2.190(6) 2.197(6) 2.194(5) 2.206(6) 2.178(7) 2.196(6) 2.197(6)

U,’j = eXp[(RO - dlj)/B]

The parameter, B, is commonly taken to be a “universal”
constant equal to 0.37 A. The values of the reference dis-
tance R, for Ba—O, Cu-0, and Y-O are 2.285, 1.679, and
2.019 A, respectively (Brese and O’Keeffe, 1991; Brown
and Altermatt, 1985). In Table V, note that the V, values for
Cu, and Y in all (Ba,_,Sr,)Y,CuOs solid solution members,
are very close to the ideal values of 2 and 3, respectively.
While the V), values for the (Ba,Sr) site are all less than the
ideal value of 2 (underbonding, tensile stress, or atom in a
oversized cage), they decrease from 1.862(x=0.1) to a small
value of 1.573 (x=0.7).

D. X-ray reference powder diffraction patterns for
(Bay_,Sr,)Y,CuO;

The X-ray powder reference patterns  for
(Bao_3sr0'7)Y2Cu05 (Table VI) and (Ba0_7Sr0.3)Y2Cu05

(Table VII) have been prepared and submitted to the Inter-
national Centre for Diffraction Data (ICDD) to be included

in the PDF. In these tables, the symbols M and + refer to
peaks containing contributions from two and more than two
reflections, respectively. The symbol " indicates the particu-
lar peak that has the strongest intensity of the entire pattern
and is designated a value of “999.” The intensity values re-
ported are integrated intensities rather than peak heights.

IV. SUMMARY

The green phase solid solution series,
(Ba;_,Sr,)Y,CuOs, was investigated by X-ray and neutron
Rietveld refinements. All single phase samples could be in-
dexed using an orthorhombic cell with the space group Pnma
(No. 64). Lattice parameters, a, b, and ¢, and the cell vol-
ume, V, decrease linearly with the increase of the content (x)
of Sr. The general structure of (Ba,_,Sr,)Y,CuOs consists of
[YO,], [(Ba,Sr)O,;], and [CuOs] polyhedra. The copper
ions are located inside distorted square pyramids [CuOs].
These pyramids are connected by [Y,O;;] groups that are
comprised of two monocapped [ YO,] trigonal prisms sharing

TABLE V. Bond valence sum (V,) in (Ba;_,Sr,)Y,CuOs. (Brese and O’Keeffe, 1991; Brown and Altermatt, 1985).

0.10 0.20 0.30 0.40 0.50 0.60 0.70
100 Pa 100 Pa 100 Pa
pO2 air pO2 air pO2 air air air air air
Ba/Sr 1.853 1.862 1.810 1.796 1.750 1.757 1.739 1.675 1.631 1.573
Y1 3.027 2.999 3.034 3.037 3.073 3.058 3.001 3.055 3.075 3.094
Y1 3.042 3.037 3.060 3.034 3.066 3.033 3.138 3.064 3.117 3.132
Cu 1.917 1.935 1.924 1.969 1.987 1.979 1.913 2.002 2.004 2.005
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TABLE VI. X-ray reference pattern for (Bag;Sto,)Y,CuOs, Pnma (No. 62), a=12.07546(11) A, b=5.61419(5) A, and ¢=7.10741(6) A. The symbol “d”
refers to d-spacing values, ‘I’ refers to integrated intensity value (scaled according to the maximum value of 999; the symbol* indicates the strongest peak);
the hkl values are the Miller indexes; M and + refer to peaks containing contributions from two and more than two reflections, respectively.

d[A] I h k I d[A] I h k I d[A] I h k I
4.4056 6 0 1 1 41114 7 2 1 0 3.4091 41 1 0 2
3.0626 68 2 0 2 3.0189 37 4 0 0 2.9716 999* 3 1 1
2.9140 701 1 1 2 2.8071 521 0 2 0 2.7786 216 4 0 1
2.6886 161 2 1 2 2.6589 26 4 1 0 2.5519 17 1 2 1
2.4903 96 4 1 1 2.4068 81 3 1 2 2.3248 30 1 0 3
2.2867 79 5 0 1 22054 187 2 0 3 2.2028 29 0 2 2
2.1828 88 0 1 3 2.1670 94 1 2 2 2.1479 62 1 1 3
2.1289 11 4 1 2 21178 37 5 1 1 2.0694 34 2 2 2
2.0557 56 4 2 0 2.0527 45 2 1 3 2.0126 82 6 0 0
1.9748 431 4 2 1 1.9364 6 6 0 1 1.9324 119 3 2 2
1.9188 22 3 1 3 1.8945 10 6 1 0 1.8819 6 5 1 2
1.8637 111 4 0 3 1.8306 41 6 1 1 1.7769 59 0 0 4
1.7729 60 5 2 1 1.7688 9 4 1 3 1.7579 29 1 0 4
17512 40 6 0 2 1.7342 158 2 2 3 1.6771 68 1 1 aM
1.6771 68 7 0 M 1.6506 177 3 3 1 1.6405 130 1 3 2
1.6356 23 6 2 0 1.6063 25 7 1 1 1.5969 30 2 3 2
1.5940 8 6 2 1 1.5526 154 4 2 3M 1.5526 154 4 3 M
1.5338 12 6 0 3 1.5313 21 3 3 2 1.5094 16 8 0 0
1.5014 27 0 2 4 1.4958 130 7 1 2 1.4899 26 1 2 4
1.4858 69 6 2 2 1.4772 89 4 1 4M 1.4772 89 8 0 M
1.4685 21 0 3 3 1.4577 63 1 3 3M 1.4577 63 8 1 OM
1.4482 10 5 3 1 1.4393 10 7 2 1 1.4272 18 8 1 M
1.4272 18 2 3 3M 1.4067 18 3 2 4 1.4036 100 0 4 0
1.3946 33 7 0 3 1.3869 24 5 1 4 1.3836 5 2 0 5
1.3796 5 3 3 3 1.3780 24 0 1 5 1.3582 14 7 2 2
1.3459 34 6 2 3M 1.3459 34 6 3 M 13320 29 6 0 4
1.3294 12 8 2 0 1.3068 9 8 2 1 1.3037 83 3 1 5
1.2979 6 1 4 2 1.2835 17 9 1 1 1.2813 12 1 3 4
1.2612 10 1 2 5 1.2528 41 4 4 1 1.2488 21 7 2 3M
1.2488 21 7 3 M 1.2415 12 8 1 3 1.2250 7 5 0 5
1.2095 9 3 2 5 1.2087 38 7 1 4 1.2034 23 6 2 4
1.2016 6 1 4 3 1.1962 17 5 4 1 1.1946 67 7 3 2
1.1846 88 0 0 6+ 1.1806 13 10 1 0 1.1749 20 8 3 0
1.1512 19 6 4 0 1.1504 5 8 0 4 1.1433 6 10 0 2
1.1366 26 5 3 4M 1.1366 26 3 0 6M 1.1320 12 0 3 5
1.1228 9 5 2 5 1.1212 38 4 4 3 1.1093 8 10 2 0
1.1014 22 0 4 4 1.0968 10 1 4 4 1.0960 16 10 2 1
1.0952 15 6 4 2 1.0914 30 0 2 6 1.0897 46 3 3 5
1.0869 7 1 2 6 1.0849 6 11 0 1 1.0779 16 9 2 3M
1.0779 16 9 3 M 1.0760 37 7 4 M 1.0760 37 10 0 3M
1.0692 44 3 5 1 1.0665 28 1 5 2 1.0652 14 11 1 1
1.0645 7 8 2 4 1.0589 9 10 2 2 1.0533 32 3 2 6
1.0526 8 8 3 3 1.0489 13 11 0 2 1.0411 6 4 5 1
1.0355 6 6 4 3 1.0348 13 8 0 5M 1.0348 13 3 5 2M
1.0324 19 7 3 4 1.0279 8 8 4 0 1.0218 9 7 2 5
1.0209 5 6 0 6 1.0173 5 8 4 1 1.0147 16 10 3 O0M
1.0147 16 0 5 3M 1.0119 13 11 2 M 1.0119 13 1 0 ™
1.0111 5 1 5 3 1.0046 44 10 2 3 1.9991 13 0 1 7
0.9893 24 7 4 3 0.9833 12 10 1 4 0.9825 38 11 2 2
0.9810 7 12 1 1 0.9710 25 6 5 M 0.9710 25 8 2 5M
0.9694 3 4 5 0.9662 24 6 4 4 0.9622 41 4 0 ™
0.9622 41 7 1 6M 0.9594 23 6 2 6 0.9518 8 1 2 7
0.9463 8 1 5 4 0.9410 10 10 2 4 0.9386 11 11 3 1
0.9357 21 0 6 0 0.9329 5 7 5 1 0.9290 7 3 2 7
0.9233 8 5 1 7 0.9229 8 5 4 5 0.9223 5 7 2 6
0.9213 5 11 1 4 0.9193 5 8 1 6 0.9104 19 4 2 7
0.9097 39 7 5 2 0.9089 10 13 1 1 0.9054 35 4 5 Ay
0.9054 35 0 4 6M 0.9023 6 1 6 2 0.9009 12 8 5 0
0.8949 9 6 1 7 0.8925 13 0 3 7 0.8897 10 8 4 4
0.8874 18 13 1 2 0.8867 46 4 6 M 0.8867 46 10 4 2M
0.8844 7 8 2 6 0.8833 31 5 5 4M 0.8833 31 3 4 6M
0.8828 12 3 6 2 0.8811 19 10 3 4M 0.8811 19 0 5 5M
0.8795 7 12 3 1 0.8752 16 1 1 8 0.8673 11 3 0 8M
0.8673 11 4 4 6M 0.8657 29 7 3 6 0.8645 17 7 1 ™
0.8645 17 7 4 5M 0.8625 9 14 0 0 0.8614 24 2 6 3
0.8607 43 3 5 5 0.8586 40 11 1 5 0.8584 11 11 4 1
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TABLE VII. X-ray reference pattern for Bag St ;0CuOs, Pnma (No. 62), a=12.13823(7) A, h=5.64148(3) A, and c=7.12494(3) A. The symbol “d” refers to
d-spacing values, “I"” refers to integrated intensity value (scaled according to the maximum value of 999; the symbol* indicates the strongest peak); the hkl

values are the Miller indexes; M and + refer to peaks containing contributions from two and more than two reflections, respectively.

d[A] I h k I d[A] I h k I d[A] I h k !
4.1320 4 2 1 0 3.5625 6 0 0 2 3.4183 48 1 0 2
3.0723 48 2 0 2 3.0346 54 4 0 0 2.9854 999" 3 1 1
2.9235 692 1 1 2 2.8207 484 0 2 0 2.7919 197 4 0 1
2.6981 181 2 2 2 2.6725 18 4 1 0 2.5635 32 1 2 1
2.5022 96 4 1 1 2.4161 84 3 1 2 2.4075 8 2 2 1
2.3308 32 1 0 3 2.2979 91 5 0 1 22116 223 2 0 3M
22116 223 0 2 2M 2.1889 58 0 1 3 2.1756 96 1 2 2
2.1542 60 1 1 3 2.1378 5 4 1 2 2.1282 30 5 1 1
2.0778 30 2 2 2 2.0660 68 4 2 0 2.0591 42 2 1 3
2.0230 81 6 0 0 1.9843 369 4 2 1 1.9461 7 6 0 1
1.9405 83 3 2 2 1.9252 15 3 1 3 1.8902 10 5 1 2
1.8703 97 4 0 3 1.8397 31 6 1 1 1.7814 121 5 2 IM
1.7814 121 0 0 4AM 1.7753 15 4 1 3 1.7624 31 1 0 4
1.7592 41 6 0 2 1.7405 162 2 2 3 1.6849 27 7 0 1
1.6822 43 1 1 4 1.6585 173 3 3 1 1.6476 126 1 3 2
1.6439 25 6 2 0 1.6257 6 5 1 3 1.6144 36 7 1 1
1.6039 29 2 3 2 1.6019 8 6 2 1 1.5589 152 4 2 3+
1.5400 14 6 0 3 1.5392 21 3 3 2 1.5173 12 8 0 0
1.5061 22 0 2 4 1.5028 109 7 1 2 1.4946 29 1 2 4
1.4927 68 6 2 2 1.4857 6 6 1 3 1.4840 12 8 0 1
1.4822 70 4 1 4 1.4743 14 0 3 3 1.4652 49 8 1 0
1.4636 16 1 3 3 1.4553 8 5 3 1 1.4465 8 7 2 1
1.4352 6 8 1 1 1.4326 12 2 3 3 1.4106 115 3 2 4M
1.4106 115 0 4 oM 1.4005 31 7 0 3 1.3917 31 5 1 4
1.3873 7 2 0 5 1.3816 26 0 1 5 1.3646 17 7 2 2
1.3519 31 6 3 IM 1.3519 31 6 2 3M 1.3367 34 6 0 4M
1.3367 34 8 2 oM 1.3261 7 4 3 3 1.3133 8 8 2 1
1.3075 74 3 1 5 1.3038 7 1 4 2 1.2901 18 9 1 1
1.2859 16 1 3 4 1.2790 5 4 4 0 1.2650 8 1 2 5
1.2589 34 4 4 1 1.2547 25 7 3 M 1.2547 25 7 2 3M
1.2470 13 8 1 3 1.2449 7 2 2 5 1.2289 7 5 0 5
1.2135 43 7 1 4+ 1.2081 19 6 2 4 1.2067 6 1 4 3
1.2020 20 5 4 1 1.2003 56 7 3 2 1.1894 75 4 3 4M
1.1894 75 2 4 3M 1.1875 9 0 0 6 1.1867 12 10 1 0
1.1808 22 8 3 0 1.1570 19 6 4 0 1.1490 8 10 0 2
1.1414 15 5 3 4 1.1409 5 6 1 5 1.1394 14 3 0 6
1.1357 14 0 3 5 1.1262 45 5 2 SM 1.1262 45 4 4 3M
1.1150 11 10 2 0 1.1057 18 0 4 4 1.1014 23 10 2 M
1.1014 23 1 4 4M 1.1004 15 6 4 2 1.0945 29 0 2 6
1.0935 43 3 3 5 1.0903 13 11 0 M 1.0903 13 1 2 6M
1.0831 2 9 3 IM 1.0831 17 9 2 3M 1.0815 11 7 4 1
1.0808 17 10 0 3 1.0744 45 3 5 1 1.0714 28 1 5 2
1.0707 9 11 1 1 1.0689 6 8 2 4 1.0641 11 10 2 2
1.0591 7 2 5 2 1.0574 9 8 3 3 1.0564 39 3 2 6M
1.0564 39 9 1 4AM 1.0541 15 11 0 2 1.0461 6 4 5 1
1.0399 13 6 4 3M 1.0399 13 3 5 2M 1.0387 8 8 0 5
1.0367 18 7 3 4 1.0330 6 8 4 0 1.0256 7 7 2 5
1.0241 6 6 0 6 1.0223 5 8 4 1 1.0198 7 10 3 0
1.0171 7 11 2 1 1.0143 7 1 0 7 1.0093 35 10 2 3
1.0017 14 0 1 7 0.9956 6 12 1 0 0.9938 21 7 4 3
0.9890 6 2 4 5 0.9874 49 10 1 4M 0.9874 49 11 2 2M
0.9861 6 12 1 1 0.9747 20 8 2 5 0.9703 20 6 4 4
0.9652 32 7 1 6M 0.9652 32 4 0 ™ 0.9626 23 6 2 6
0.9545 9 1 2 7 0.9502 9 1 5 4 0.9451 9 10 2 4
0.9433 7 11 3 1 0.9403 21 0 6 0 0.9375 7 7 5 1
0.9334 6 9 3 4 0.9317 8 3 2 7 0.9263 13 5 4 SM
0.9263 13 5 1 ™ 0.9254 14 7 2 6M 0.9254 14 11 1 4M
0.9226 7 8 1 6 0.9200 6 10 4 0 0.9141 32 7 5 2
0.9136 14 13 1 1 0.9131 15 4 2 7 0.9119 6 10 1 5
0.9094 21 4 5 4 0.9084 12 0 4 6 0.9066 6 1 6 2
0.9054 14 8 5 0 0.8977 8 6 1 7 0.8951 14 0 3 7
0.8936 8 8 4 4 0.8919 12 13 1 2 0.8910 48 4 6 1+
0.8871 20 5 5 4iM 0.8871 20 3 6 2M 0.8863 22 3 4 6
0.8848 19 10 3 4M 0.8848 19 0 5 SM 0.8839 6 12 3 1
0.8774 15 1 1 8 0.8703 21 5 6 1+ 0.8689 22 7 3 6
0.8678 8 7 4 5 0.8673 15 7 1 ™ 0.8673 15 14 0 O0M
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a triangular face. The Ba?* atoms are found to reside in dis-
torted 11-fold coordinated cages. Unlike the superconductor
phase, Ba,YCu30Oq,,, there is no significant variation in the
oxygen content in (Ba;_,Sr,)Y,CuOs.
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