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A systematic investigation of superconductivity based on 1212-type cuprates with nominal compositions
(Pbg_jAurs)srz(CaoleD_s)Clle-;_a withA = CLI, Zn, NI, Mg, Cd, Ca, Sr and (PbQ.TAuJ)Srz(Cao_5Yu_5)Cu207
with A = Sc, Fe has been carried out. It has been demonstrated that the different 4 cations enter into
the structure, mainly in the rock salt type slabs, forming ((Pb,_ A )O]. layers with an A content smaller
than the nominal one. The study of the superconducting properties of these phases, and especially of
their annealing properties at low temperature, shows that the critical temperatures of these phases,
ranging from 30 to 90 K, are closely related to the nature of the A cations. The replacement of Y by
Yb is afso investigated. These results are discussed in terms of the size of the A cations, the oxygen
nonstoichiometry, and the possible coexistence of the couples Pb(II)/Pb{IV} and Cu(fl)/Cu(Il).
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Introduction

The discovery of superconductivity in the
lead-based 1212 cuprate, Pby ;Sr, 5(Ca, _,Y,)
Cu,0,,; (1, 2), has opened the route to inves-
tigations, since a Tec (onset) of 90 K could
be reached. However, up to now, several
issues remained unanswered. The first one
deals with the very broad character of the
transition, which can be interpreted as an
inhomogeneous distribution of oxygen and
vacancies, but so far has not been opti-
mized. The second issue concerns the local-
ization of strontium and knowledge of the
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oxygen content. Several attempts to solve
this structure by X-ray diffraction and neu-
tron diffraction were made; they suggested
that excess strontium was localized in the
rock salt layers. Nevertheless, the rather
high vafues of the R factor and the abnor-
mally short Sr-0 distances make these pre-
liminary results not completely convincing,
The third point focused on is the possible
introduction of various cations in the rock
salt layers at the same sites as lead, i.e.,
instead of strontium. Indeed, strontium
could be replaced by calcium (3), leading to
a Tc¢ (offset) of 60 K, whereas the copper
axide (Pb, Cu)Sr,(Ca, Y)Cu,Q,,,, first syn-
thesized by Subramanian et al. (4), could be
made superconducting with a Tc of 40~60 K
by annealing under oxygen pressures rang-
ing from 5 to 150 bar (5, 6) or by high temper-
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ature quenching (7—/0}, or by optimization
of the Ca: Y ratio (/). After these first re-
sults several other substitutions by indium
(/2) and cadmium (/3) also showed a possi-
bility of obtaining a Tc ranging from 45 to
70 K. In order to understand these different
points, we have performed a systematic
study of the introduction of various metallic
elements besides lead into the rock salt lay-
ers. We present here the results obtained for
the series of cuprates (Pb, A)Sr.(Ca, Y)
Cu,0,,; with A = Cu, Mg, Zn, Ni, Fe, 5S¢,
Cd, Ca, Sr, and for some of them we discuss
the possible influence of the replacement of
Y by Yb on superconductivity.

Experimental

Sample Preparation and Characterization

Samples with the nominal compositions
of (Pby 544 5)5r:(Cag Y 5)Cu0; (A = Cu,
Mg, Zn, Ni, Cd) and (Pb;A,:)51(Caq;
Y, s)Cu,0, (A = Sc, Fe, Cu) were prepared
by mixing the oxides PbO,/AO (A = Cu,
Mg, Zn, Ni, Cd} or PbO,/A,0; (A = Sc,
Fe), Sr0Q,, Sr,CuO,, Ca0, and Y,0, in the
appropriate molar ratios in order to maintain
the oxygen content equal to 7. For A =
Ca, Sr the synthesis conditions have been
previously described (/, 3) and may involve
Ooxygen amounis varying between 6.73 and
7.50.

In all cases, the mixtures were finely
ground in an agate mortar and compressed
under a pressure of 1 ton/em? by bars of
dimensions 12 x 2 x 2 mm?. The bars were
placed in alumina crucibles and heated in
evacuated quartz ampoules at 880°C for 12
hr. The samples were then quenched to RT
and characterized by X-ray diffraction anal-
ysis using Cu K« radiation.

The chemical compositions of the individ-
ual microcrystallites of the as-synthesized
specimens werc eXamined by energy-
dispersive X-ray spectrometry (EDS) by
means of a TOPCONZB electron micro-
scope operating at 200 kV,

Some of the bars were annealed at tem-
peratures ranging between 400 and 900°C for
times varying from 10 to 60 hr. Firings were
carried out at oxygen pressures of 5, 10, 20,
30, 40, 50, 70, and 100 bar in a commercial
high-pressure furnace to make the samples
superconducting by adjustment of oxygen.
In the case of cadmium-based 1212 com-
pounds superconductivity was more partic-
ularly enhanced after subsequent annealings
at 970°C in gold foil for 3 hr in oxygen as
described elsewhere (13).

Magnetic and Electrical Properties

The magnetic propertics of the samples
were measured with an ac susceptometer
(Lake Shore) using an ac excitation field of
0.5 mT at 80 Hz without a dc component.
The x'(T) curves allowed us to study the
variations of T, and of the superconducting
volume with the annealing temperature, the
annealing time, and the oxygen pressure.

Electrical resistivity measurements were
made with a standard four-probe technique
with measuring currents of 0.01-1 mA.

Results and Discussion

The synthesis of absolutely pure phases
has not been possible whatever the nominai
composition and the thermal treatments.
The powder X-ray patterns of most of the
samples reveal, besides the 1212-type
phase, crystallized impurities whose nature
depends on the nominal composition and on
the synthesis process and subsequent an-
nealings (SrCO,, SrCuQ,, Sr,CuO;, Sry,,
Ca,Cu,,0,;, PbyCuSr;0,,, etc. . .). The exis-
tence of such crystallized impurities is con-
firmed by a systematic electron diffraction
exploration, and their amount can be esti-
mated in the range from 5 to 10%. Moreover,
the E.D. investigation shows that, even if
the samples seems to be very pure from
the XRD analysis, a substantial number of
particles are amorphous or very poorly crys-
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tallized. These preliminary observations are
of capital importance for interpretation of
the superconducting properties of these ma-
terials.

The As-synthesized Samples (Pb, A)
Sr{Ca, Y)Ci, 0,

The oxides (Pby s 500S1(Cag s Y s)C015
could be prepared with a majority in the
1212 phase {i.e., =90%) for A = Cu, Mg,
Cd, Zn, Ni, and this was confirmed for A =
Ca, Sr corresponding to the superconduc-
tors previously described {/-3). For A.- =
Fe(I1l), Sc(I1l), the best results were ob-
tained for the compositions (Pbg,4,,)Sr,
(Cag 5Y .5)Cu,07..

All these phases were indexed in a tetrag-
onal cell with the parameters given in Table
I. It can be seen that the latter do not vary
dramatically with the nature of the A cation;
the cell volume remains approximately con-
stant. One observes, in particular, that the
“Pb;sCay " and “*Pb, 51y’ compounds
exhibit the smaller parameters despite the
greater size of calcium and strontium with
respect to other A cations. This might be
due to a variation of the oxygen content &
from one oxide to the other. However, the
existence of impurities, besides the 1212-
phase and an amoirphous phase, makes the
introduction of the A cations in the structure

questionable. In order to answer this ques-
tion a systematic EDS analysis combined
with electron diffraction was carried out on
several samples.

Two compounds with nominal composi-
tions, (Pby,Cuy 5)Sr(Y  55Cay 15)C8,07 5 and
(Pb, sCd, s)S1,YCu,0,,, were investigated
as references. The first one was chosen be-
cause its structure has been studied pre-
viously from single crystals (4, 14), whereas
the second is of interest because of a simpler
formula which does not involve calcium.
Besides these two compounds, five samples
with the nominal composition (Pb; 54, )Sr,
(Y,.5Cag s)Cu,0 5 were studied for 4 = Cd,
Sr, Mg. The analytical results summarized
in Table 11 allow the following comments to
be made:

(1) Only one sample, (Pbg,Cuy ;)Sr(Yy gs
Cay5)Cuy05 5, is characterized by a chemi-
cal composition close to the nominal compo-
sition. This result is in agreement with the
single crystal study performed by Subra-
manian ef al. (4).

(i1} In ail the samples containing caicium,
one always observes a caicium deficiency
and excess yttrium with respect to the nomi-
nal composition.

(iii} In all the oxides containing cadmium
one observes a cadmium deficiency with re-
spect to the nominal composition.

TABLE 1
LATTICE PARAMETERS AND Tc’s QFFSET (R = 0) FOR THE Pb-BASED 1212 CUPRATES

Nominal composition 1212 a (A) ¢ (A) V(A)  Te(R = 0) optimized (°K) Ref.
(Pby «CuyskSa(Cay sY, 50005, 3.824(2) 11.880(2) 173,72 42-60 (5)-(6)
(PbysMeos)SrCay sYp s1Cu, 0., 3.8249(1)  11.9237(4) 174,44 40 This work
{PbysCdes)Sry(CagsYps)Cuy07e - 3.8195(2)  11.9543(9)  174.39 60 This work
(PbysCays)S1:(Cay s Y s)Cu; 07 3.8141(4) [1.916(3) [73.35 50-60 )
(Pby sSry Sra(Cag s Yy )Cup05.4 - 3.8166(6)  11.907(4)  173.44 60~75 .
(pbu5T105)STE(C3.05Y95)CU20735 3 815(2) i 1996(2) 174.59 44 {15, 16}
(Pbg,‘,'sCn,})Srz(CaQ‘SYo‘s)CUQO',':a 38265(2) 1 9303(7) 174.68 38 This work
(PbyiFeq)S1(Cay Yo s)Cua0q.s  3.8308(7)  11.834(3) 173.59 nonsuperconducting This work
(PbysNip 3Sr:(Cay s Y dCuyO0q.;  3.8243(4)  11.925(2) 174.40 nonsuperconducting This work
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TABLE II
EDS AnavLvsis oF SoMe 1212 CupraTES (Pb, A)Sr(Ca, YICu,0,;

Nominal Compositions

Analytical results: Possible cationic distribution

Pbg ;Cug 350, Yy 55Cap,15)Cu0;.5
Pbo_scdo__gsl'zYCU207_5

Pby sCdy 5317 sCap sCuy 045
Pby sMgo 5572 Y .5Ca Cu045 A

(Pby eCug 30Ca0 02)SE2( Y g goCatg 11)C0,075

(Pby 55Cdp 2 Cug 23)519(Y g 9:Cedg 07)CuyOy 5

{Pby 59Cdg 0551y 13813 ¥ g 45Cag 33Cddy 12000507

(Pby 61 M2 o710 25Cg 44 ST 0:C2 06) (Y 0. 20C 2 30)C0, 074

B (Pby oMo 17Cup 2880 ) S1(Y g 56Cap ) Cu0q 5

PbysSrg 581 Yy 5025 C11y07 5 A

(Pby g65Tq.34) Sral Yo sgCitg 2;5rg 10)Cuy 015

B {(Pby g4S1g_6Cun 200 ST Yo g0Cg 32510,07)C 3045

Note. A and B relate to two different preparations of the samples.

{iv) The A cation content is generally
smaller than that of the nominal composi-
tion. Moreover, it depends on the thermal
treatment. Nevertheless, the amount of the
A cation introduced into the crystals is sig-
nificant in all cases.

Investigation of the magnetic susceptibil-
ity of the as-synthesized phases shows that
all the oxides “*Pb,_, A"’ characterized by
small A cations, i.e., A = Cu, Mg, Zn, Sc,
Fe, Ni, do not superconduct, whereas the
oxides ‘‘Pby 54, s’" involving larger cations,
i.e., A = Cd, Ca, Sr, exhibit superconduc-
tivity. In the three cases the fransitions are
very broad and the superconducting volume
is weak, but nevertheless is characteristic
of bulk superconductivity.

Effect of Oxygen Annealing

The previous studies of the oxides
(Pbg ,Cuy 3)SryCay 5Y o 9Cu0; 5 and (Pby 551y 5)
Sr,(Cay Y, s)Cu,0,5 (5, 2) have shown that
the superconducting properties of these two
oxides can be dramatically improved by an-
nealing under various oxygen pressures. We
have also tried to optimize the supercon-
ducting properties of the oxides of nominal
composition (Pby, s A, 53Sr(Cay ;Y 5)Cu,044
with A = Mg, Zn, Cd, Ni and (Pb, ;4,3)5T,
(Cay 5Y, 5)Cu,0,5 with A = Sc, Fe synthe-
sized above, by annealing at 400°C under
different oxygen pressures.

No superconductivity could be induced in
the Ni and Fe cuprates, whatever the oxy-

gen pressure ranging from 10 to 100 bar, and
the annealing temperature ranging from 400
to 900°C. Although negative, this result is
important when one takes into consider-
ation the fact that in all other phases super-
conductivity could be either induced or en-
hanced. This behavior can be explained by
the ability of iron and nickel to take a pyra-
midal coordination so that these cations will
sit not only in the Pb sites but will tend to
substitute for copper in the CuQ; pyramids
(Fig. 1), killing superconductivity. Conse-

o ® O @& O

{l ® & ® CayYi.y
CuQy
° :g . i e SrQ
O @® O @ O Poy_ A0O
¢ . ™ e S50
| - T

o @ O

FiG. |. Schematic drawing of the 1212-type layered
structure projected along b.
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F1G. 2. AC susceptibility curves for samples of nominal composition (Pbg sMgg s)St:{Cag sY s)Cu,05
annealed at 400° C for 10 hr at oxygen pressures of 5, 10, 20, 30, and 70 bar. The lower curve (dotted
line) corresponds to an annealing time of 60 hr at pO, = 20 bar,

quently, the cationic distribution in these
phases should be intermediate between the
limit formuia:

(Pb, ;Nig 5)Sr2(Cag sY4 5)Cu,0, 5 and
{Pby sCuy 5)Sry(Cay sYo sHCuy sNig 5)Cu, 0.5,
(Pby ,Feg 3)Sry(Cag 5Y o 5)Cu,044 and

(Pby ;Cug )Sr(Cag 5 Y,y ) Cuy 7Feg 1)075.

The behavior of Mg, Zn, and Sc cuprates
is similar to that (Pby, ,Cu, 5)Sry(Cag 5Y, 5)Cu,
045 (5). Superconductivity is induced in
these compounds by annecaling these phases
under oxygen pressure. In the series, the
transition is rather broad (Fig. 2-4). How-
ever, it is worth pointing out that the Zn

Temperature (K)

5 1o 1§ 20 23 ae 25 40
[ S S S SN T ST SR W Y S S S v T 0 Sl M T S O W A S Y T M S N |
Sb
-0.02 +
= 10
5wl
E
—0.08
r
—0.08 -’-
20p
-0.1 4+
L0
-0.12 -|’
-0.14 -

F1G. 3. AC susceptibility curves for samples of nominal composition (Pby sZng )Sr{Cay s Yo 5¥Cu,04
annealed at 400°C for 10 hr at oxygen pressures of 5, 10, 20, and 40 bar.
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FiG. 4. AC susceptibility curves for samples of nominal composition (Pby ;8¢ 3}5r;,(Cay 5Y 5)Cu,04
annealed at 400°C for 10 hr at oxygen pressures of 5, 10, 20, 30, and 40 bar. The lower curves correspond
to samples of (Pbg;5¢q3)SrACagsY5)Cu,0;7 (curve a) and (Pby;Scy ;}8r(Cag s Yb, s)Cu0; (curve b)

annealed at 400° C for 60 br at pO, = 20 bar.

compound exhibits poor superconducting
properties (Fig. 3) compared to Mg and Sc
oxides {broad transition, low superconduct-
ing volume, and maximum Tc's of 30 K).
The critical temperature of the S¢ com-
pound (40 X), (Fig. 4) is smaller than that of
the Mg phase (50 K) (Fig. 2), but the transi-
tion is much narrower, especially for the
sample annealed under 20 bar for 60 hr. The
evolution of T¢'s versus oxygen pressure
for A = Mg, Sc (Fig. 5) shows that there
exists an optimal oxygen pressure allowing
the maximum value of T¢’s to be reached.
This result is in agreement with those pre-
viously observed for A = Srand Ca (1-3).

The optimization of cadmium cuprates is
very different. Annealings at 400°C, under
different oxygen pressures, do not change
the superconducting properties. On the
other hand, annealings at 900°C under oxy-
gen pressures po, = 50 bar increase both the
superconducting volume and the Tc’'s (Fig.
6). But the best results arc obtained by wrap-
ping the sample in gold foil and annealing it

at 970°C in an oxygen flow (3 liters/hr); one
obtains (Fig. 6) a Tc of 60 K and a full (140%)
shielding signal at 5 K. The resistance mea-
surements (Fig. 7) confirm that T¢ increases

Te K T T T T T T

400°C.10h

i
1
!
10 4
.
1}

] § L 1 1 1
o 10 20 3¢ 40 50 60 70
Oxygen Pressure (bar)

F1G. 5. Variation of Tc versus the oxygen pressure
applied during the annealing of the 1212 phases
(Pby sMgg s)Sry(Cag 5 ¥y 5)Cu; 0y (curve a) and (Pby ;5¢0.3)
SrACay s Yy 5)Cu,0; (curve b) at 400°C for 10 hr,
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Temperature (K}
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Fic. 6. AC susceptibility curves for samples of nominal composition (Phy sCd, )Sr(Cag Y, 5)Cu;0;
annealed (a) at 900° in air for 10 hr, (b) at 900° for 10 hr at pO, = 50 bar, and (c) at 970°C in gold foil
for 3 hr in O, Row. Curve d corresponds to the as-synthesized samples in the evacuated quartz tube.

from 24 up to 60 K by annealing at tallic state. This peculiar behavior of cad-
900-970°C; moreover, one observes that the mium cuprates, which require higher an-
conductivity of the normal state increases nealing temperatures compared to the other
significantly from a semiconducting to ame- 1212 cuprates, suggests that superconduc-
001
0.8 1+
0.7 +
0.6 -l-
0.5+
0.4 1

4.3 -|~

0.2 4

R(ohm)

0.1+

S I
+] 20

Temperature (K)

F1G. 7. Temperature dependence of the electrical resistance of {Pby sCd, s}Sry(Cay sy s)Cu;0; sam-
ples: a, as-synthesized at 880°C in evacuated quartz tube; b, annealed at 900°C for 10 hr in air; c,
annealed at 500°C for 10 h at pO, = 50 bar; d, wrapped in Au foil and annealed at 970°C for 3 hr in O,
flow.
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tivity in this phase is not only optimized by
a variation of oxygen stoichiometry but also
by an adjustment of cadmium content, CdO
being volatile at these temperatures. The
fact that similar annealings applied to Cu,
Mg, or Sc cuprates destroy superconductiv-
ity or decrease dramatically the supercon-
ducting volume is in agreement with this
view point.

Substitution of Yb for Y: The oxides
(Ph, A)Sry(Yby5Cays)City O

The replacement of yttrium by ytterbium
in the cadmium cuprates does not influence
the superconducting properties of these ma-
terials. An oxide with the nominal composi-
tion (Pb, sCd, 5)Sry(Ca, s Yb, 5)Cu,0,; exhibits
very similar x'{T) curves (Fig. 8) before and
after annealing under the same conditions.

On the other hand, the replacement of
yttrium by ytterbium in the Sc-cuprate leads
to a significant improvement of supercon-
ductivity as shown for (PbySc;;)Sr,(Cay 5
Yby; ) Cuy04 4 (Fig. 4), which exhibits a Tc of
50 K and a narrow transition after annealing

under 20 bar for 60 hr. Similar results have
been observed for “*‘Mg-Yb"’ cuprates; nev-
ertheless, the transition of the phase is
broader.

Concluding Remarks

This study definitively demonstrates that
various cations besides lead can be intro-
duced in the ““Pb,_, A, 0O layers of the 1212
structure and that the nature of these cations
influences the superconducting properties
of these matertals. Nevertheless, it is also
demonstrated that the introduction of the
A cation is not quantitative and depends
strongly on the thermal treatment. In any
case, it seems difficult to obtain an abso-
lutely pure phase, owing to the great stabil-
ity of the numerous other phases which can
be formed in such complicated systems con-
taining five or six different metallic ele-
ments. The broad transitions observed for
these compounds can be explained by an
inhomogeneous distribution of both cations
and oxygen and by vacancies in the struc-

Temperature (K}

30 40 50 80
I B VR

-02 +
-04
—
-
N sl
5
-0.8

2L

PSS S S S S M SRR

FiG. 8. AC susceptibility curves for samples of nominal composition (Pby sCdy s}Sry(Cag s Ybg <)Cuy04
annealed at 900°C for 10 hr in air (curve a) and at 970°C in gold foil for 3 hr in an O, flow (Curve b).
Curve ¢ corresponds to the as-synthesized sample in the evacuated quartz tube.
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ture. The consideration of the maximum
critical temperature of these different
phases leads us to classify them into two
series. The first series, with A = Cu, Mg,
Zn, Sc, corresponds to critical temperatures
ranging from 30 to 50 K, whereas the second
series, obtained for A = Cd, Ca, Sr, exhibits
Te’s ranging from 60 to 90 K. This suggests
that there exists a size effect of the A cat-
ions; larger A cations might induce higher
Tc's by a pressure effect, the cell volume
remaining approximately constant. But the
important factor is of course the oxygen
stoichiometry, since, as shown here and
previously, for each oxide the Tc goes
through a maximum for an optimum oxygen
pressure. In fact, it seems to us most proba-
ble that the oxygen content is closely related
to the size of the A cations. Indeed the size
of Pb(1V) is more compatible with those of
small cations, such as A = Cu, Mg, Zn, Sc,
whereas the introduction of larger cations
such as A = Cd, Ca, Sr on the same sites
should favor the formation of Pb(1l). Conse-
quently, in the cuprates corresponding to
A = Cu, Mg, Zn, Sc, the formation of
Pb(IV} would be favored with respect to
Cu(111}, so that the hole carrier density wiil
remain low in spite of the total oxygen con-
tent tending toward **Q,.”” On the contrary,
in the cuprates corresponding to A = Cd,
Ca, Sr, a much lower oxygen content can
be expected, leading to compositions close
to Og; as shown for *“*Pb,Sr, " cuprates
{2); correlatively, in the latter oxides the
mixed wvalency PWH(ID-Pb(IV) could
possibly coexist with the mixed valency
Cu()~Cu(IIl). An X-ray absorption study
of these compounds should allow clarifica-
tion of this issue.
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