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The *‘system’’ PbgsSr,sY;_ ,Ca,Cu,O;_; has been investigated for its structural and superconducting
properties. A pure phase has been isolated for 0 = x = 0.60, whose structure belongs to the [2,2] type,
i.e., consists of an intergrowth of double pyramidal copper layers (m = 2) with double rock salt-type
layers containing lead and strontium. The oxides corresponding to 0 = x = 0.40 do not superconduct,
whereas the pure phases corresponding to 0.50 = x = (.60 exhibit critical temperatures deduced from
magnetic measurements ranging from 50 to 75 K, with diamagnetic fraction volumes at 4 K ranging
from 8 to 65% in agreement with the Tc(R = 0) = 53 K, previously observed for x = 0.50 from
resistivity measurements. The enhancement of superconductivity by annealing under an oxygen flow
is demonstrated. The magnetic study of two phase samples 0.7 = x = 0.9 and especially of x = 0.9
shows a diamagnetic fraction volume of 3-4%, corresponding to a Tc = 104 K, which confirms the
possibility of superconductivity up to 100 K in this system. The structural study of these oxides and
especially of the nonsuperconducting sample x = 0 allows a comparison to be made with the supercon-
ductor x = 0.5. Although they belong to the same structural type, the first one differs from the second
one, by the existence of several superstructures which are interpreted in terms of ordering of lead,

strontium, and oxygen vacancies in the rock salt-type layer.

A new superconductor PbysSrysYos
CagsCu,0;_;5 has been recently isolated (1),
whose superconducting properties depend
upon the thermal treatment, with a Tg" =
100 K and T¥(R = 0) = 53 K. The struc-
ture of this tetragonal oxide belongs to the
*1212"’ type observed for thallium cuprates
(2, 3), i.e., consists of the intergrowth of
a double rock salt-type layer [(AO);].. with
a double oxygen-deficient perovskite layer
(Fig. 1). One original feature of this oxide
concerns the oxygen deficiency observed in
the perovskite layers (§ ~ 0.9-0.5) which
may depend upon the thermal treatment
and may also influence the superconducting
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properties of this oxide. The variation of
the Y/Ca ratio should also introduce a vari-
ation of the oxygen content and possibly of
the Cu(Il)/Cu(Ill) ratio so that the super-
conducting properties of those phases may
be affected. We report here on the study
of the solid solution PbysSrsY -x
Ca;CU2077§.

Experimental

Samples were prepared from mixtures of
PbOZ, PbO, Sl'02 , Sl‘CUOz , Y203 s CaO,
and CuO in adequate ratios, leading to the
nominal composition PbgsSry5Y;-,Ca,
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FiG. 1. Schematic drawing of the structure of the superconducting oxide Pbg sSr; sY,_,Ca,Cu,0;_s.

Cu,0,. The oxides were intimately
crushed, pressed as pellets, and heated in
evacuated silica tubes. Different ratios
PbO,/PbO for a constant lead content were
used in order to vary the partial pressure of
oxygen in the tube; they correspond to dif-
ferent oxygen contents of the nominal com-
positions. The samples were heated at tem-
peratures ranging from 825 to 950°C, during
times ranging from 1 to 10 hr.

Sample homogeneity was checked by
X-ray and electron diffraction. X-ray dif-
fraction analysis was performed using an
Inel counter and a Philips diffractometer,
using CuKa radiation. The electron diffrac-
tion study was performed with a Jeol
120CX electron microscope fitted with a
side entry goniometer (=60°). Magnetic
measurements were performed using a
SQUID magnetometer at temperatures
ranging from 5 K to room temperature.

Results and Discussion

Homogeneity Range

With the experimental conditions de-
scribed above, the best results were ob-
tained for ‘‘nominal compositions’ corre-
sponding to 7 = y = 7.25; however, as it
will be shown later, the real oxygen content
of the resulting compounds could be
smaller than 7.

A solid solution Pb0,5Sr245Y1,XCaX
Cu,04-5 is synthesized for 0 = x = 0.60.
The X-ray powder diffractograms of these
oxides were indexed in a tetragonal cell
(Table I), in agreement with the electron
diffraction study which confirms the space
group P4/mmm, characteristic of the
““1212-type structure previously estab-
lished for the superconductive compound
x = 0.50. It should be noted that the X-ray
diffractogram of the limit phase PbgsSr; s
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TABLE I

Pby sSr;5Y;-,Ca,CuyOq_s: PARAMETERS
OF THE TETRAGONAL CELL VS x

x a(A) C(A)

0 3.8253(3) 11.891(1)
0.2 3.8170(6) 11.846(3)
0.4 3.8209(3) 11.887(1)
0.5 3.8166(6) 11.907(3)
0.6 3.8195(7) 11.932(3)

YCu,07_5 (x = 0), exhibits very weak extra
lines which cannot be indexed in the classi-
cal ““1212” tetragonal cell and do not be-
long to any known phase in the diagram
such as Pb,Sr, YCu;30g (4); these extra lines
can be indexed in the supercells which were
observed by electron diffraction (a,,\/ﬁ X
a,V13). For x > 0.60 values, the X-ray dif-
fraction analysis gives evidence of a two-
phase mixture: ‘“1212”’-type and a phase
closely related to Sr,PbQ, (5) and Ca,PbO,
(6); the amount of the latter increases
with x.

Magnetization Measurements

Magnetic measurements were performed
on every sample and checked vs the ther-
mal conditions, i.e., for 825, 875, and 950°C
synthesis temperatures and after 400°C an-
nealings under oxygen flow.

Whatever the thermal conditions may be
superconductivity was only observed for
0.5 =x<1.

x=05and x = 0.6

Electrical resistance (dc) was measured
by a standard four probes technique be-
tween 4.2 K and room temperature. Magne-
tization measurements were performed
with a SQUID magnetometer. We report
here on two types of magnetic measure-
ments: magnetic moment (zero field cooled)
versus temperature under a 10-Oe applied
field: and low field (H =< 2000 Oe) magneti-
zation M(H) at T = 5 K. Figure 2 shows the
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ratio R(T)/R(300 K) vs T for x = 0.5 and for
different synthesis conditions. In this case
it can be seen that the best results are ob-
tained for the lower temperature. The mag-
netic measurements performed on x = 0.5
samples before and after annealing under
oxygen flow at 400°C during 15 hr are plot-
ted in Figs. 3a and 3b. These curves con-
firm the resistivity curves and clearly show
that the superconducting properties are en-
hanced by annealing under oxygen flow.
The best diamagnetic volume at 5 K is ob-
tained for the sample synthesized at 870°C
and then annealed under oxygen flow. But
above 15 K the diamagnetic volume is
higher for the sample synthesized at 825°C
annealed under oxygen. T¢ is 60 K for the
first and 75 K for the second. The highest
superconducting fraction at 5 K under H =
10 Oe is due to the peak observed at low
field (see inset in Fig. 3b) as outlined in a
previous paper (/). Figure 3b clearly shows
that the 825°C synthesis temperature gives
better results than 870°C and that in both
cases superconductivity is enhanced by an-
nealing under oxygen flow at 400°C.

These effects are also envidenced for x =
0.6 sample. Figures 4a and 4b show for this
sample the magnitude of cumulated effects
of both synthesis temperature and oxygen
annealing. Few tentatives, not reported
here, were made for synthesis temperature
lower than 825°C and longer synthesis time
than 7 hr at 825°C but both damaged super-
conducting properties.

x=0.7,0.8, and 0.9

As stated above for these x values sam-
ples were not single phased. Resistivity
measurements were only possible on x =
0.7 and x = 0.8 samples. For x = 0.9 we
observed a diamagnetic signal correspond-
ing to about 4% of the sample volume at 5 K
but this sample was found insulating at low
temperature. This result is consistent with
the increasing volume of the foreign phase
leading to an impossibility of percolation
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F1G. 2. Temperature dependence of the ratio R(T)/R(300 K) for different x values and for different

synthesis conditions (unannealed samples).

between superconducting parts of this sam-
ple. R(T)/R(300 K) ratio for x = 0.7 and 0.8
are plotted in Fig. 2. Magnetization versus
temperature (H = 10 Oe) and versus field
(H = 2000 Oe) at S K are plotted in Figs. 5a
and 5b for x = 0.7, in Figs. 6a and 6b for x =
0.8, and in Figs. 7a and 7b for x = 0.9.
These figures show the main following
results:

(i) As for the lower x values we found
that the superconducting properties are bet-
ter for the 825°C synthesis temperature.

(ii) These measurements confirm also the
enhancement of superconductivity by an-
nealing under oxygen flow.

(iii) An interesting feature is found in Fig.
7a concerning the x = 0.9 sample. This
sample which is insulator by resistivity
measurement presents a diamagnetic signal
corresponding to 3-4% of the sample vol-
ume and T¢ ~ 104 K. This result confirms
the possibility of superconductivity up to
100 K in this system. This possibility sug-
gested by resistive measurements in our
previous preliminary result (/) is confirmed
by magnetic measurements.

Structural Study

The structural study was performed by
both electron and X-ray diffraction tech-
niques.
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Fi1G. 3. (a) Magnetization vs T for PbysSr,5Y-,Ca,0;_s (x = 0.5) at 10 Qe for different thermal
treatments; (b) magnetization vs H (H < 2000 Oe) at 5 K for the same samples. Insert shows the low

field part of the curves.

A detailed electron diffraction (ED) in-
vestigation was performed on three sam-
ples corresponding to different composi-
tions and thermal treatments.

—The as-synthesized superconducting
sample Pb0_5SI‘2.5Y0_5C30,5C11207_5 (x = 05,
825°C, 7 hr) exhibits ED patterns similar to
those previously described (/): the basic re-
flections -are those characteristic of the

P4/mmm space group and numerous satel-
lites are observed lying mainly along (102)*,
and sometimes along (203)*. These extra
spots are in almost commensurate positions
and their intensities vary from one crystal

to the other. Some rare crystals exhibit a
double cell (@ V2 x a V?2).

—The same sample, annealed under oxy-
gen flow (15 hr, 400°C), was observed. It
appears that the intensity of the extra spots
is drastically decreased and that numerous
crystals can be considered as free of this

feature.
—In the x 0 nonsuperconductive

phase, we observe for many crystals addi-
tional and intense reflections in commensu-
rate positions. These extra spots set up
along various directions leading to different
superstructures. Some examples are shown
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FiG. 4. (a) and (b) Same curves as in legend to Fig. 3 for x = 0.6.

in Fig. 8. Weak extra spots are observed those of second order are generally miss-

along [210]* and [120}* (Fig. 8a), leading to
““5 X dy¢” periodicity, i.e., to a “‘a V5
superstructure. In a great number of pat-
terns strong extra spots appear along [110]*
and [110]* (Fig. 8b). More complex pat-
terns are sometimes obtained with extra
spots along [230]* leading to 13 X dyy
superstructures (Fig. 8c) or along [710]*
(Fig. 8b). Besides these superstructure re-
flections, there appear in many [010] pat-
terns satellites along [102]* with ¢ = 4 simi-
lar to those previously observed for Pbg s
Sr2.5Y0.5C30.5CU207_5 (1) (Flg Sd), but con-
trary to this latter phase, the satellites are
much weaker, sometimes not observed and

ing.

The determination of the structure of the
limit phase PbysSr;sYCu07-5 was per-
formed from the 36 first reflections; i.e., 59
hkl of the X-ray diffractogram. Refinements
of the positional parameters and occupancy
factors of cations were carried out with a
thermal factor of oxygen atoms fixed to 1
A’. An eventual preferred orientation was
taken into account for these calculations
but the weak value of the corresponding pa-
rameters cannot be considered as signifi-
cant showing that this phenomenon can be
excluded. The discrepancy factor calcu-
lated on the intensities was lowered to R =
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FIG. 5. (a) and (b) Same curves

0.085 for the atomic coordinates given in
Table II. Owing to the possibility of anionic
deficiency, the oxygen parameters were
then separately refined in order to check
the event of an unusual feature. From these
calculations, values close to 1.0 were ob-
tained for 7 and B factors of the O(1) and
O(3) atoms and were then arbitrarily fixed
to 1.0 for further refinements. On the con-
trary, the R value was significantly de-
creased (from 0.085 to 0.066) by either in-
creasing the B factor (10 A?) or decreasing
the 7 value (0.8) of O(2). The splitting of the
x, ¥ positions of the corresponding site (2(h)
to 8(r)) was also considered but the result-
ing values (x = y = 0.598) led to unlikely
interatomic distances. Although the low

Magnetization (emu/g)

as in legend to Fig. 3 for x = 0.7.

scattering factor of oxygen does not allow
accurate values to be refined, these results
can be considered as significant and attest
strong disturbances in the [SrO]. layers
correlated with oxygen displacements and/

TABLE II
Pby sSr, s YCu,04_5: POSITIONAL PARAMETERS

x y z T B (Ay

PbysSrgs (1d) 0.5 05 0.5 1.00(3) 1.9
Sr 2¢) 00 00 02891® 1.003) 1.0
Y (lay 00 0.0 0.0 1.00(3) 1.0
Cu 2f) 05 0.5 0.13919) 1.00(3) 1.0
o(1) (4i) 0.0 0.5 0.1235%) 1.0 1.0
o) k) 0.5 0.5 0.308(6) a a

oQ3) (1b) 0.0 0.0 0.5 1.0 1.0

2 For T and B values of O(2) see text.
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TABLE 111
Pbg sSry sYCu,0; 5: INTERATOMIC DISTANCES IN A

(Pb,Sr)-0O 271 x 4 Y 241 x 8
2.28 X 2

Cu 1.92 x 4

2.0t x 1
Sr-O 275 x 4
2.51 x 1
271 x 4

or oxygen deficiency. However, they con-
firm that the structure of the PbgsSrysY_,
Ca,Cu,0;_5 phases consists of double lay-
ers of corner-sharing CuQOs pyramids inter-
leaved with yttrium and calcium cations, in-
tergrown with double rock salt-type layers

Temperature (K)

(Table III). The rock salt-type slabs exhibit
a particular feature with respect to the clas-
sical ““1212” type structure: they are built
up from a mixed layer [PbgsSrysO]. sand-
wiched by two [SrO,_;»]- layers (Fig. 1).
Moreover, despite the low accuracy of
the oxygen refinements it appears that, in
these phases, (0 < x = 0.6) the strontium—
oxygen layers which ensure the junction
between the rock salt and perovskite-type
layers are undoubtly oxygen deficient, even
if one takes into account a partial oxidation
of Pb! into Pb'V; this oxygen deficiency in-
duces for copper a square planar coordina-
tion (Fig. 9a). This resistivity measure-
ments of the oxygen-annealed samples
(1.6 X 102and 5 Q cm for x = 0.5 and x =

Magnetic Fleld (Oe)
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FI1G. 6. (a) and (b) Same curves as in legend to Fig. 3 for x = 0.8.
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F1G. 8. [001] ED patterns showing extra spots setting up along (a) [210]* direction, (b) [110]*, [ITO]*,
and [710]* directions, and (c) [230]* direction; (d) satellites along [102]* (arrow) with g = 4 in a [110]

ED pattern.

0, respectively) give evidence of a partial
oxidation of copper for both oxides; how-
ever, the semiconducting behavior of the x
= ( oxide with regard to the metallic behav-
ior of the x = 0.5 superconducting oxide
attests of a rather small amount of Cu(III)
in the yttrium phase Pbg sSr; sYCus07_s.
The difference in the nature of the extra
spots observed in the electron diffraction
patterns, mainly satellites in x = 0.5 and

superstructure spots in x = 0, could be gen-
erated by different structural features. The
satellites which appear in oxygen-deficient
oxides could be correlated to the distortion
of the rock salt layers and the existence of
oxygen vacancies; the superstructures,
which are especially observed in the oxy-
gen-rich phases (x = 0), could be correlated
to orderings of the lead and strontium cat-
ions. In that way, the decrease observed in
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Fi1G. 9. Schematic drawing of the structure showing
the oxygen deficiency of one of the SrO layers leading
to copper in a square planar coordination (a). Exten-
sion of the 6s? lone pair of Pb(Il) towards the oxygen

vacancy leading for copper to a pyramidal coordina-
tion CuO,4L (b).
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the intensity of the satellites after anneal-
ings under oxygen at low temperature and a
slow temperature lowering could be ex-
plained by a lowering of the distortion of
the AO layers correlated with a decrease of
the oxygen deficiency and the stereoactiv-
ity of the Pb(II) 6s2 lone pair (7); the exten-
sion of the lone pair towards the vacancy
positions (Fig. 9b) allows indeed the distor-
tion of the rock salt-type layers to be re-
duced, by tending again to a pyramidal co-
ordination, CuO4L (L = lone pair), for
copper.
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