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Replacing Y(III) by Ca(Il) in (Y,-,Ca,)Ba,Cu;0, induces superconductivity. A solid-solution limit
exists, as is evidenced by the lack of variation in unit cell parameters for values of x > 0.3. At low
nominal doping levels (x < 0.3), materials prepared by solid-state techaiques consist of a complex
intergrowth of Ca-rich and Ca-poor 123-type phases, as well as YBa,Cu;04 and BaCuQ,. At higher
nominal doping levels the Ca content of the 123-type phase becomes constant (x ~ 0.30). Structural
refinements using data collected by X-ray and neutron powder diffractometry are consistent with
Ca-doping causing oxidation only of Cu in the sheet, leaving the copper in the so-called chain site as
Cu(I). Many of the structural changes occurring in this system upon oxidation, such as a flattening
of the CuQ, sheets, a contraction of the in-plane Cu-O distance, and a decrease in the Cu—Cu distance

occur in the
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between planes, also
Pb,Srx(Y, . Ca,)Cu,Os.

Introduction

Recently we reported (/) on the observa-
tion of superconductivity in the absence of
“‘chain oxygens’’ in YBa,Cu30¢+5 (6 = 0).
This was achieved by the substitution of
Ca(Il) for Y(III) to produce compounds
(Y,;_,Ca,)Ba,Cu;0¢,5 which are tetragonal
(2, 3) and still contain, for the most part,
linearly coordinated Cu(l) in the chain site
(Fig. 1). Furthermore, X-ray absorption
measurements (2, 3) have confirmed that
the amount of Cu(I) does not change as a
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related superconducting system,

function of x. These results imply that re-
placing Ca for Y oxidizes the CuO sheets
(Fig. 1) and induces superconductivity in an
analogous fashion to the metal doping ex-
periments in La,CuQ4 (¢—6). By way of
contrast, several investigators have simi-
larly Ca-doped YBa,Cu;0; and reported a
depression of the superconducting proper-
ties (7).

With regard to structure—property rela-
tionships, the deconvolution of structural
changes, which occurs upon oxidation of
the YBa;CuiO¢s5 structure type, is made
difficuit if the doping mechanism is via oxy-
gen insertion (8, 9). In this case, atomic dis-
placements within the structure are a com-
plex function of oxygen content, oxygen
order, and electron counts on both the
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FiG. 1. The structure of (Y,-,Ca,)Ba,Cu;O4 (/).
Spheres, arbitrary in size, represent metal and oxygen
atoms in the double sheet of CuQ. A (see text and
Table 1) is a measure of the flatness of the sheet. The
Cu(2)-Cu(2) and O(2)-O(2) distances, referred to in
Table III, are indicated by double-headed arrows.

sheet and the chain structural elements
(Fig. 1). On the other hand, the system
(Y,-Ca,)Ba,Cu;0s affords, in principle, an
opportunity to study geometric changes
commensurate with increasing levels of ox-
idation of the sheet without the complica-
tions arising from variable oxygen content.
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In the structurally related system,
Pb,Sry(Y,-,Ca,)Cu;05 (3, 10-12), oxidation
of the sheets is once more due to Ca(Il)
replacing Y(III). However, the two systems
have quite different values of T, with the
value reported for the Sr-containing mate-
rial some 10-15 K higher (10, 11). A com-
parison of the structural changes in these
two materials as a function of Ca content—
especially at the same Ca content—would
be useful in estimating the relative impor-
tance of the formal oxidation state and
structure in determining 7.

Experimental

Samples were prepared in a manner out-
lined in recent papers (/-3). Nominal
compositions were (Y;-,Ca,)Ba,Cu;0q.5
[(Y,Ca)123-O¢], where x = 0.10, 0.25, 0.40,
and 0.50. The value of & has been deter-
mined from structural refinements based on
neutron diffraction data (Table 1) and does
not exceed a value of 0.2 for any sample.

Results obtained using electron micros-
copy (3) have indicated that, for samples
with x = 0.3, significant quantities of
YBa,Cu;0¢+5 occur as an impurity phase
(Table I). Further, for all values of x stud-
ied, BaCuO, was present (Table I). Because

TABLE 1
EXPERIMENTAL DETAILS FOR ROOM TEMPERATURE DATA COLLECTED ON (Y,_.Ca,)Ba,Cu,0q, s

Nominal x 0.10 0.25 0.40 0.50
Phases present” Y,Y/Ca,B Y,Y/Ca,B X Y,Y/Ca,B. X Y/Ca,B,X
% B® 0.10 0.22 0.42 1.00
% Y* 30 23 10 0
Radiation X-ray + neutron Neutron Neutron Neutron
A€ (A) 1.540 2.374 2374 1.357 1,357
Monochromator (N)  Pyrolytic graphite (002) Pyrolytic graphite (002) Si(111) Si(111)
Analyzer (N) Pyrolytic graphite (004) Pyrolytic graphite (004)  Pyrolytic graphite (004) Pyrolytic graphite (004)
Collimation (N) 20°-40'-40'-20’ 20°-40'—46" 20" 20'-40"-40'-20’ 20'-40"—40'-20’
Phases refined* Y,Y/Ca Y/Ca Y/Ca Y/Ca

¢ Y = YBa,CuyO4,5, Y/Ca = (Y,_,Ca,)BaCu304.5; B = BaCu0y; X = unknown, probably a Ca-rich phase.
b Mole% from ratio of refined scale factors based on neutron diffraction data.

¢ Wavelength (A) fixed for X-ray data, refined for neutron (N) data with x = 0.1 and determined using CeO; standard (g =
5.4113 A) for other neutron data.

4 Atomic parameter refinement. Lattice parameters and scale factor for all phases, excepting X, refined for each data set.
Atomic parameters for Y taken from refinement of sample with nominal x = 0.10. These parameters fixed for structure model of
Y in more Ca-rich samples.
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of the close correspondence of the cell pa-
rameters of Ca-containing and Ca-free 123-
O phases (Table II), the microanalytical
results (3) have provided the chemical con-
straints required to analyze the results from
neutron powder diffraction data. In particu-
lar, the analytical results confirm that Ca
substitutes exclusively for Y since the Ba/
Cu ratio is close to 0.67 for all samples (3)
and, although the Y/Ca ratio varies at low
values of x, (Y + Ca)/Cu is close t0 0.33. In
the refinements described below, Ba, Cu,
and O sites (excepting the site at (0, 3, 0),
see Table 1I) are fixed at full occupancy.

PARISE AND MC CARRON

Consistent with the results of the microana-
lytical study (3), the Y site is presumed to
be fully occupied by a mixture of Y and Ca
only. The Y/Ca ratio varies somewhat
within each sample; for a sample of nominal
x = 0.15, individual analyses (3) varied
from x = 0.12 to 0.17. Although the powder
diffraction data does not allow us to distin-
guish between such a fine variation in Ca
content, it does allow for the refinement of
an average structure for the Ca-containing
phase in a particular sample.

Neutron powder diffraction measure-
ments were performed on a triple-axis dif-

TABLE 11
REFINED PARAMETERS® FOR (Y,.,Ca,)Ba,CuQx. s

Nominal x 0.0 0.1 0.25 0.4 0.5
Refined xb 0.15(3) 0.24(4) 0.26(7) 0.28(6)
Refined 8¢ 0.16(2) 0.16(2) 0.18(2) 0.20(2) 0.20(2)
a(A) 3.866(1) 3.862(1) 3.855(2) 3.854(2) 3.856(1)
c (A) 11.777(4) 11.844(4) 11.836(1) 11.809(1) 11.809(1)
Y,_.Cal  UxI10 2.6(2) -0.2(2) 0.5(2) 0.5(3) 0.7(2)
Ba¢ z 0.1912(9) 0.1961(2) 0.1945(3) 0.1933(7) 0.1942(5)
U x 10? 2.6(2) 0.7(1) 1.32) 0.9(2) 0.7Q2)
Cu(1)/ U x 10 2.6(2) 1.7(2) 1.6(2) 1.53) 2.002)
Cu(2)s z 0.3597(8) 0.3560(3) 0.3603(2) 0.3614(5) 0.3617(5)
U x 10 2.6(2) 0.2(1) 0.7(2) 0.2(2) 0.8(2)
0o(1)= z 0.1521(8) 0.1524(4) 0.1519(4) 0.1521(8) 0.1523(7)
U x 102 2.6(2) 2.1(1) 2.5(2) 1.8(2) 2.8(2)
o) z 0.3778(6) 0.3777(2) 0.3775Q2) 0.3753(5) 0.3758(4)
U x 10 2.6(2) 0.3(1) 0.8(1) 0.9(2) 1.2(1)
(Rup) 0.11(0.07) 0.08 0.14 0.12
(S 1.86 3.01 3.20 6.0
(RY 0.05 0.02 0.04 0.04

a Space group P4/mmm (No. 123).

b For 123-O, phase (x = 0), parameters taken from joint refinement using neutron and X-ray data of
sample with nominal x = 0.1; thermal parameters (A?) constrained to be equal during refinement of this

phase.

¢ Located at (0, 3, 0); isotropic U constrained to 0.01 AZ for this site; value of & assumed the same
YBa,Cu;04.5 and (Y;_,Ca,)Ba,Cu;04.5 in the same sample.

4 Position 1d (4/mmm) at (4, %, 3).
¢ Position 2k (4/mmm) at (3, %, 2).
f Position la (4/mmm) at (0, 0, 0).
¢ Position 2g (4mm) at (0, 0, z).
h Position 4/ (2mm) at (0, 3, 2).

i Defintions for these discrepancy indexes given in Ref. (13). Number in parentheses is for X-ray

powder data.

J Combined index based on all phases in the patterns used. Structures of phases with x = 0, 0.15(3)

are refined jointly (see note (b) above).
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Fi1G. 2. Observed (crosses) and calculated (solid line) neutron (top) and X-ray (bottom) diffraction
patterns for (Y;_,Ca,)Ba,Cu;0s.5 (x = 0.1, nominal). Short vertical markers below the pattern repre-
sent allowed reflections for YBa,Cu,Oq. 5 (top), BaCuO, (middle), and (Y,_,Ca,)Ba,Cu;0q. s (bottom).
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F1G. 3. Observed and calculated neutron powder diffraction patterns for nominal x = 0.25, 0.40, 0.50

(see Fig. 2 and Tables I and II). For the sample with nominal x
phase and BaCuQ, are considered.
192

0.5, only the calcium-containing
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TABLE III
SELECTED INTERATOMIC DISTANCES (A) AND ANGLES (°) For (Y,-,Ca,)Ba,CuQOg¢

Normal x 0.0 0.10 0.25 0.40 0.50
Refined x 0.15(3) 0.24(4) 0.26(7) 0.28(6)
Cu(1)-0(1) 1.792(15) 1.804(5) 1.797(5) 1.797(9) 1.798(9)
Cu(2)-0(1) 2.444(14) 2.458(5) 2.466(6) 2.472(8) 2.473(8)
Cu(2)-0(2) 1.945(2) 1.942(1) 1.938(1) 1.934(1) 1.935(1)
Cu(2)-Cu(2) 3.305(15) 3.316(5) 3.307(6) 3.272(8) 3.266(8)
0(2)-0(2) 2.880(15) 2.897(5) 2.900(6) 2.946(9) 2.9339)
Y/Ca-Cu(2) 3.194(5) 3.195(2) 3.189(2) 3.179(4) 3.178(3)
Cu(2)-0(2)-Cu(2) 167.2(7) 167.6(2) 167.9(2) 170.3(6) 170.1(5)
Az x 102° 0.233 0.213 0.201 0.165 0.165

a The difference (A), in A, between the plane (001) occupied by Cu(2) and O(2); A would be 0.000 if

the Cu(2)-0(2) sheet were flat (Fig. 1).

fractometer at the H4S station of the
Brookhaven high flux beam reactor. The in-
strument configuration and experimental
conditions for each data set are summa-
rized in Table I. For the neutron data, the
higher order harmonics were eliminated
with a pyrolytic graphite filter. The samples
were all in the form of free-standing cylin-
drical pellets (20 g, 1.3 cm diameter, and 3
cm high).

Structure refinement was initiated using
previously published coordinates (/-3) and
the GSAS-Suite of programs (/4), which al-
low for the simultaneous refinement of the
structures of muliple phases contributing to
X-ray and/or neutron diffraction patterns.
For a sample of nominal composition
(Y0.9Caq.1)Ba;Cu306 (Table 1), an X-ray data
set (CuKa radiation, Figs. 2 and 3) was also
collected and combined with the neutron
data in a simultaneous refinement of the
structures of (Y;-.Ca,;)Ba;Cu3;O¢+5 and
YBa,Cu;04,5. The atomic parameters of
BaCuQO, were not refined; those for YBa,
Cu306+5 were refined only in the sample
having nominal x = 0.1 and subsequently
constrained at these values for the remain-
ing samples (Table I). The oxygen content
(Table II) for Y/Ca and Y phases in the
same sample was constrained to be equal
during refinement (Table I). The validity of
this constraint was tested in the sample
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Fi1G. 4. (a) Variation of a unit cell parameter with
nominal x and (b) of Cu(2)-0(2) distance (with a single
sheet in Fig. 1) with refined x in the series (Y,_,
Ca,)Ba,Cu;04, ;5 (6 < 0.20).
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Fi1G. 5. Variation of (a) Cu(2)~Cu(2) distance (be-
tween the sheets as indicated in Fig. 2) and (b) Y/Ca—
Cu(2) distance (Fig. 2) with the refined value of x in the
series (Y|_1ca,)B32CU305+5 .

with nominal x = 0.1 (since it contains the
largest proportion of YBa,Cu;0s+5, Table
I); the refined values of 8 were 0.15(3) and
0.18(3), for Y/Ca and Y phases, respec-
tively. Further, the occupancy of the site
occupied by the oxygen atom coordinated
to both Cu(1) and Cu(2) was varied (Fig. 1,
Table II) and in all cases was found to be
fully occupied within one estimated stan-
dard deviation (0.02).

The final refined models for Y/Ca and Y
phases assumed fully occupied Y/Ca, Ba,
Cu, O(1), and O(2) sites (Fig. 1). They are
presented in Table I while selected bond
lengths and angles derived from these
models are given in Table III and in Figs. 4—
6. The peak shape function (/3), and its de-
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pendence on 20, were presumed to be the
same for all phases in the same sample.
When refinements were performed on sam-
ples with nominal values of x < 0.3 using
only two phases, Y;-,Ca,Ba,Cu;O¢ and
BaCuQ,, inferior fits to the observed data
were obtained. This is to be expected since
electron microscopy (3) indicates that
YBa,;Cu304. 5 is also present in these sam-
ples.

Results

Changes in the structure of Y123-O¢ upon
doping with Ca are of three types: those
changing smoothly and monotonically [i.e.,
cell parameters, Cu(2)-O(2) and Cu(2)-
O(1)}; those not changing [e.g., Cu(l)-

22.00

20.00 ]

18.00

8z X102 (&)

16.0805 SR o2 5.3

171.0

170.0}p

169.0

0(2)-Cu(2)-0(2)

—_
167035 ] 0% 0.3
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Fi6. 6. Variation of (a) sheet flatness (Az x 102 A)
and (b) O(2)-Cu(2)-0(2) angle (equivalent to Cu(2)~
0(2)-Cu(2) angle) with the refined value of x.
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O(1)]; and those varying in a more complex
fashion. In this latter class are distances
and angles related to the aspect of the dou-
ble sheet (Fig. 1) such as the O(2)-Cu(2)-
O(2) angle (Table III) and intersheet dis-
tances (Figs. 4-6).

The presence of a solid solution limit
near x = 0.3 has been reported (7) in the
related (Y;_,Ca,)Ba;Cu;0;-; system. This
also appears to be the case in (Y/Ca)123-
Og. In particular, three observations are
consistent with the existence of a solid-so-
lution limit near x = 0.3: the a cell parame-
ter (Fig. 4, Table II) appears to reach a limit
at about x = 0.3; the refined value of Ca
also reaches a limit close to this value (Ta-
ble II); and the refined atomic parameters
for the Y/Ca phase, in samples with nomi-
nal values of x = 0.4 and 0.5 (Table II), are
equivalent within two estimated standard
deviations.

Discussion

1. Structural Variations with Increasing x

The variations in unit cell parameters and
interatomic distances and angles (Table III)
are consistent with the substitution of
Ca(Il) for Y(III) causing oxidation only in
the Cu sheets (Fig. 1) in (Y,_,Ca,)Ba,
Cu;0¢. This oxidation (removal of elec-
trons from the d,:_,: antibonding orbitals) is
reflected in a constant contraction of the in-
plane Cu(2)-0O(2) distance (Fig. 4b) and a
constant elongation of the out-of-plane
Cu(2)-0O(1) distance (Table III) as x in-
creases. Similarly, the a unit cell parameter
(Table II, Fig. 1a) decreases as x increases,
consistent with the shortening of the Cu(2)—
O(2) bond length. The Cu(1)-O(1) distance,
as expected (/-3), does not vary within ex-
perimental error (Table III). This observa-
tion is in agreement with previously re-
ported X-ray absorption measurements (2)
which indicated a constant amount of Cu(I)
in these materials.

On the other hand, the more complex be-
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havior of the ¢ cell parameter results from
competition between sheet flattening, due
to electron removal, and the substitution of
the larger Ca(Il) for Y(III). At low values of
x, the distances between atoms across the
sheets (Fig. 1) increase as expected for the
replacement of the smaller Y(IIT) by Ca(Il)
(ionic radius 1.03 and 1.12 A, respectively;
Ref. (14)). However, contrasting with the
increase found for the O(2)-0O(2) distance
(Table III), the Cu(2)-Cu(2) and Y/Ca-
Cu(2) distances both initially increase and
then decrease sharply after x = 0.15 (Table
I1, Fig. 5). In other words, the Cu(2) atoms,
facing each other across the sheets, (Fig. 1)
come closer together (Table II), while the
O(2) atoms move apart. Hence, the individ-
ual sheets flatten as x increases. Conse-
quently, there is an increase in the O(2)—
Cu(2)-O(2) angle and a decrease in the
difference (A) between the z-atomic param-
eters for Cu(2) and O(2) (Fig. 6). Sheet flat-
tening as Ca replaces Y is observed in other
cuprate systems (/5), some of which also
exhibit a similar insulator to superconduc-
tor transition (Tl,BaxY,,.Ca,)Cu,0Og, for
example).

Moreover, at a critical point (near x =
0.25) there is a large change in the aspect of
the sheet, as evidenced by sharp decreases
in Az, Cu(2)-Cu(2), and Y/Ca-Cu(2) dis-
tances (Table III, Figs. 6a, 5a, and 5b, re-
spectively). It is at roughly this value of x
that the superconducting fraction for sam-
ples synthesized using solid-state tech-
niques is a maximum (2) and that the solid-
solution limit is reached (3). It is tempting
to correlate this change in the aspect of the
sheet with the onset of bulk superconduc-
tivity. However, more work on homoge-
neous materials is required to test this spec-
ulation. We now are carrying out syntheses
at lower temperature, in order to determine
if the phase separation observed using elec-
tron microscopy (3) is due to the conditions
of synthesis used in this study. It is desir-
able to associated structural change with
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homogeneous solids so as to better define
the relationship of T, to these observed
structural changes.

Finally, the solid solution limit near x =
0.3 (Fig. 4a) may also be associated with
the discontinuity at x = 0.25; i.e., the geom-
etry of the sheets might dictate the amount
of Ca which can be accommodated. An
analysis, similar to the one presented here,
of the structure of (Y,_.Ca,)Ba,Cu;0;_;s
(which also is limited to0 = x ~ 0.3) (7)as a
function of x may help in determining
whether the geometry of the sheets is in-
deed critical in fixing the solid-solution
limit.

2. Relationship between
(Yi-.Ca,)Ba,Cus0¢ and
szS"z( Yl_xCax)Cu303

Replacement of Y(III) by Ca(Il) in the
parent compound Pb,Sr,YCu;O3 has re-
cently been reported to lead to supercon-
ductivity (10-12). Structurally related to
(Y -,Ca,)Ba,Cu;Og[BaYCal, it can be envi-
sioned as an intergrowth of YBa;Cu;O¢ and
PbO, with PbO (square pyramids) inserted
between the linearly coordinated Cu(l) sites
and the Cu(II)-O sheets in YBa,Cu3;0s. Re-
cently, a single-crystal structure determina-
tion was performed (/1) on a sample with
a refined composition Pb,Sry(Yg75Cag2s)
Cu;0g[SrYCa] (or written so as to empha-
size the structural relationship with the 123-
related material (Y(.75Cag 25)SrCu304
2Pb0). Further, XANES measurements (3,
15) have confirmed that lead is present as
Pb(II) and that the amount of Cu(I) does not
vary as Ca replaces Y. The level of oxida-
tion in the CuQ, sheets in this material will
then be the same as it is in (Yg.75Cag15)Bas
Cu;0q¢ (Figs. 4-6).

Many of the structural changes observed
in this study of {BaYCa] are mirrored in the
[SrYCa] material. For example, changes in
Cu(2)-0(2) bond length and Az when Ca is
doped into the parent compounds are simi-
lar in both classes; as 0.25 Ca(Il) replaces
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Y(III), Az decreases by 0.03 A for [BaYCa]
and by 0.05 A for [SrYCa] while Cu(2)-
0(2), as expected (I5), contrasts by 0.01 A
for both materials. The Cu(2)-Cu(2) in-
teratomic distance (Fig. 1) also decreases,
by 0.023 and 0.031 A for [BaYCa] and
[SrYCa], respectively. Despite this similar-
ity in geometry and level of oxidation,
[SrYCa] has a value of T. at least 10 K
higher (/-3, 10-12) than that for [BaYCa].

3. The Dependence of T, on Cu(2)-0(2)
Bond Strength

As has been pointed out in several stud-
ies (16-19), there appears to be a distinct
correlation, at least within the one family of
materials, between the in-plane Cu-O in-
teratomic distance, the level of oxidation,
and 7.. A compendium of much of this data
has recently been presented (16) in which
the superconductors are considered as
three families, those based on La, Sr, and
Ba. Each family appears to have a different
optimum value of Cu—O bond length; T, at
this optimum, increases in going from La to
Sr to Ba. The conclusion drawn is that a
different optimum level of oxidation exists
for each class of superconductor. Further,
T. increases as bond strength increases to-
ward the optimum.

Generally, this observation is well sup-
ported in the comparison between the
structures and properties of [BaYCa] and
[SrYCa]. The values of T, (zero resistance)
for [SrYCa] and [BaYCa] at Y/Ca = 3 are
55 and 44 K, respectively (11, 2). Since the
level of oxidation of the sheet is the same,
the difference could be due to the differ-
ence in bond strength. Contraction of the
Cu(2)-0O(2) bond in the case of [SrYCa],
because of the presence of the smaller Sr
rather than Ba in the structure, increases its
bond strength toward its optimum value
(15). This implies that [SrYCa] is closer to
its optimum level of bond strength than is
[BaYCa]. Further, the separation between
the Sr and Ba families at their respective
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optimum bond lengths is given by Wangbo
et al. (16) as 0.02 A. The difference in the
Cu(2)-0(2) bond lengths for [BaYCa] and
[SrYCa] is 0.023 A (Table III, Ref. (I1)).
Interestingly, it is about the same (0.018 A)
for YBa,Cu;04 (7) compared with YSr,
Cuz0g - 2PbO (12). Although these observa-
tions may be fortuitous, it appears that by
shifting the ‘‘Sr curve’ of Wangbo et al.
(16) by 0.02 A, it would overlap that of Ba.
This suggests the difference between these
two curves is due largely to a difference in
the size of the cations Sr?>* and Ba?* (J4-
16). Changing the overall bond strength of
the Cu-O bond may therefore be comple-
mentary to oxidation of the CuQ, sheets as
a means of adjusting 7, in these materials.

Conclusion

Substitution of Ca(ll) for Y(III) in YBa,
Cu,04 leads to oxidation of the CuQ, sheet
and bulk superconductivity (7, = 44 K) at
about x = 0.25. Structurally this corre-
sponds to a flattening of the [Cu(2)-0(2)]
sheet with respect to YBa,Cu;0s, a feature
it shares with the structurally related mate-
rials derived by Ca substitution into YSr,
Cu;04 - 2PbO.
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