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Monodimensional (chemical) diffusion measurements have been
used to find a clean solid-state path to a pure Bi-Sr-Ca-Cu-0
superconductor with two-layer structure, i.e., a suitable sequence
of solid-state reactions such that each step gives a single-phase
product. When starting from carbonate precursors of CaO and
5rO plus Bi;0; and CuO, the critical point of a reaction path of
this kind is an appropriate choice of the external conditions of
temperature, oxygen partial pressure, and cation molecularities,
which must be different from the ideat 2212 values. The results
show that a clean solid-state synthesis of a single-phase two-layer
material is achieved by reacting at 750°C under P(Q,) = 10~
atm the Sr,Cu,,0, phase and the ternary solid solufion with
monoclinic symmetry and cation molecularity near 0.376:
0.082:0.543 (Ca: Sr: Bi).
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1. INTRODUCTION

This work is part of a research program on the mecha-
nism and kinetics of solid-state reactions in oxide super-
conductor systems such as Y, Ba, Cu/O (1,.2); Bi, Sr,
Cu/O (3, 4); and Bi, Sr, Ca, Cu/O (5). Briefly, in these
papers it has been shown that chemical diffusion experi-
ments on binary and pseudobinary systems are a powerful
tool for reaching a rational understanding of the whole
sct of solid-state reactions that occur at cach interface
between a couple of phases (starting reagents, intermedi-
ate products, and so on) when a complex powder mixture
is allowed to react under various external conditions.

The results can in turn be used to outline a sequence
of solid-state reactions that, when separately performed
under their most appropriate external conditions, are ac-
tually able to produce the desired material as a single
phase, i.¢., free from the spurious phases (unreacted re-
agents, intermediate phases, or aiternative or decomposi-
tion products) that can segregate at the grain boundaries
of the main phase during a powder mixture synthesis.
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Such sequences have been named clean paths. In a candi-
date step of a clean path, the reacting phases define a
pseudobinary cut of the phase diagram, only one product
phase is formed under the given external conditions; the
product also lies on the pseudobinary cut, and either cos-
responds to the desired final material, or is a candidate
reactant for a further step of the path.

By means of chemical diffusion experiments it is possi-
ble to verify directly whether a given reacting couple
fulfills the above constraints. When coupled with the
knowledge of the equilibrium phase diagram, these experti-
ments provide the basis for a systemalic search for a
clean path.

Our previous work on the Bi, Sr, Ca, Cu/O system (5)
has been devoted to such a systematic search for a clean
path toward the superconducting phase usually known as
Bi,Sr,CaCu,0y, and referred to in the following as the
two-layer phase, denoted L2. The experimental investiga-
tion was at thal time restricted to one set of external condi-
tions:

*» reaction temperature, 750°C;

» environmental atmosphere, | atm oxygen partial
pressure;

« 2:2:1:2 (Bi:Sr:Ca: Cu) cation molecularity; and

« carbonate precursors for Srand Ca cations, plus cop-
per and bismuth oxides.

According to our results (5), a clean path as defined above
does not exist under these external conditions.

In the present work, the objective of the previous paper
is reconsidered in light of some recent works on cation
molecularity and oxygen nonstoichiometry of the L2
phase (6-12), and the effect of these external variables
on the possibility of a clean path toward the L2 phase
is investigated.

The paper is organized as follows. We start from a
promising sequence of solid state reactions found in the
previous work, and described, in a largely simplified man-
ner, as follows:
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Bi,0, + CaCO, — CaBi,O, + CO, [1]
SrCO, + CuO — SrCu0, + CO, 2]
CaBi,0, + 2 SrCuQ, - Bi,Sr,CaCu,0y. (3]

As shown previously (5), the critical point of this path
is the last step, where a complex mixture of metathetic
products is formed instead of the desired superconducting
phase. As a first trial, therefore, we investigate the effect
of cation molecularity and oxygen partial pressure on the
last step of this sequence. It will be shown that, although
it is unsuccessful, this approach is eventually able to pro-
vide important insights into a clean path toward L2 materi-
als. Finally, one effective reaction sequence complying
with the above requirements is described using these re-
sults.

In this work we still take into account carbonate precur-
sors for Sr and Ca cations, plus copper and bismuth ox-
ides. The effect of the reaction temperature can be safely
discussed independently of the other external variables
on the basis of known thermodynamic features of the
whole system and of our previous diffusion results (5).
In particular, we note here that 1.1 (the one-layer super-
conducting phase also known as *‘2201"") is formed at
lower temperature than L2, and that raising the reaction
temperature surely enhances the amount of L2, However,
formation of liquid phase(s) by peritectic or eutectic trans-
formations must be carefully avoided in a sequence of
reaction steps, if cach step must give rise to a single-
phase product. In this respect, it should be remembered
that (i) CaBi,0O, incongruently melts near 800°C (13) and
(i1} in the Bi, Cu/O binary there is an eutectic near 770°C
(14). In conclusion, the best operating temperature can
be selected on the basis of the conflicting requirements
that a high temperature should be preferred for kinetic
reasons, but without exceeding the upper thermodynamic
linit (around 750°C).

2. EXPERIMENTAL

Chemical diffusion experiments have been done in a
horizontal electrical furnace using a home-built cell (5)
under isothermal (x£1°C) conditions and under flux of a
certified oxygen-in-argon mixture at 1 atm total pressure.
Monodimensional diffusion geometry was used, the re-
acting couples being made of two sintered peliets of the
pertinent phases. The practical rate constants (&) have
been obtained by setting up a number of replicate experi-
ments under the same external conditions, removing at
selected times () each reacting couple from the cell, cut-
ting along the diffusion direction, measuring under the
optical microscope the thickness (x) of the product lay-
er(s), and fitting a number of (x, ¢} determinations to the
appropriate solution of Fick’s law: x? = 2 kr.
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Differential thermal analysis (DTA) and thermogravim-
etry (TG) were done on a TA Thermal Analyst 2000 using
alumina crucibles.

X-ray powder diffraction (XRPD) patterns were taken
on a Philips 1710 instrument equipped with a copper anode
operated at 45 kV and 20 mA an adjustable divergence
slit (15), a vertical goniometer, and a graphite monochro-
mator on the diffracted beam.

A Zeiss Axioplan opticat microscope and a Cambridge
Stereoscan SEM were used for microscopic observations.
A Link attachment of the latter instrument was used for
electron microprobe analyses (EMPA). Standard materi-
als for EMPA analytical determinations were either the
starting materials or the intermediate compounds de-
scribed in the following.

Bi,0;, Cu0, CaCO,, and SrCO, (Aldrich, 99.99%%) were
used as starting materials. The intermediate products
Sr,_.Ca Cu0, (x = 0 and x = 0.25) and CaBi,0, were
prepared by solid-state synthesis (5).

The intermediate product Sr;,Cu,,0,, was prepared by
reacting a 12: 7 (CuO: SrCQ;) pelletized powder mixture
at 800°C under pure oxygen flux for a total time of 48
hr, with one intermediate cooling step with grinding and
repetletization,

The oxide ternary solid solution with monoclinic sym-
metry (Space group: C2/m) (16) and 0.376:0.082:0.543
(Ca: Sr: Bi) cation composition was prepared in a similar
way from stoichiometric amounts of CaCOQ;, SrCO,, and
Bi;O; (reaction T = 800°C; air atmosphere; reaction
time = 72 hr; cooling, grinding, and repelletization after
each 24 hr). This phase will be referred to as the TM
(ternary monoclinic) phase.

3. RESULTS AND DISCUSSION

The problem of cation molecularity and/or oxygen non-
stoichiometry has been discussed by a number of authors
(6-12, 17-19), in connection with the structure, stability,
and superconducting properties of the L2 phase. There
is now general agreement that the stability field of L2
does not include the rational composition corresponding
to the simple chemical formula Bi,Sr,CaCu,04. With re-
spect to the “*ideal’” 2212 composition, Bi is always over-
stoichiometric, and Ca can replace Sr to a large extent;
for instance, .04 < Bi/Cu < 1.27 and 0.64 < Sr/Ca <
1.47 according to our results (11).

Structural determinations by several authors (20-22)
explain the cation nonstoichiometry of L2 by placing some
Bi on Sr (or Ca) sites and by allowing a large degree of
substitution of Sr by Ca. This structural model can be
accounted for by the chemical formula Bi,,,Sry , .
Ca,Cu,0y,,, i.e., by rwo cation composition degrees of
freedom. To the contrary, however, some of the above-
quoted experimental determinations of the stability field
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of the phase indicate that a formula such as Biy,,,
Sry_,—,Ca, Cu,04,, (i.e., with three cation composition
degrees of freedom) is more appropriate.

Moreover, the effects of cation molecularity and reac-
tion atmosphere (0xygen nonstoichiometry) are expected
to be strongly coupled to each other, because the stability
relationships between the different phases are expected
to depend jointly on oxygen partial pressure and cation
molecularity. Also, these external variables are able to
affect the diffusion coefficients, and therefore the reaction
rates, and to provide alternative reaction mechanisms,
for instance, when there is competition between oxygen
transport in the gas phase and solid-state diffusion. There-
fore, they can show relevant kinetic effects; in some
cases, they can even kinetically hinder the formation of
a particular phase with respect to another one.

For these reasons, it is more convenient to discuss step
by step the effect of the various kinds of nonsteichiome-
try, and we start with Sr/Ca cation ratio and oxygen par-
tial pressure.

A preliminary information on the role played by oxygen
partial pressure can be gained by investigating powder
mixtures of parent reagents. We hereafter discuss the
results obtained using Sr/Ca = 1, i.e., with a starting
2:1.5:1.5:2 (Bi:Sr:Ca:Cu) cation ratio, but qualita-

tively similar results have been obtained with other-

Sr/Ca ratios.

We started using DTA, TG, and XRPD determinations
to single out the lower and upper temperature limits (T,
and T,) of the [T, P(O,)] field where the solid state synthe-
sis of .2 appears to be feasible. For T,, two similar mix-
tures were allowed to react under P((,) = 1 atm for 12
hr at temperatures slightly below and slightly above
870°C; the XRPD analysis then shows that L.2 and L1 are
the majority phases, respectively. T, is therefore related to
L2 “‘decomposition’” to form L1. Under the same oxygen
partial pressure, the mixture containing L2 as majority
phase shows a weight loss of about 1.3% near 870°C (see
Fig. 1). It is worth noting here that the results do not
show any evidence of the decomposition of the L1 phase
to its well-known insulating polymorph. This decomposi-
tion has been discussed in our previous work on the Bi, Sr,
Cu/0 system (3); a reasonable explanation of the different
result can be found in the different cation composition of
the system.

The lower limit (1)) corresponds to L2 formation from
acomplex powder mixture containing the one-layer super-
conductor, 1.1, and is more difficult to determine, because
it does not correspond to a significant weight change (thus
ruling out the use of TG) and because the DTA trace is
very crowded and shows very different behaviors when
different external conditions (Sr/Ca ratio and oxygen par-
tial pressure) are considered. For this reason, a long series
of XRPD determinations was needed to obtain this infor-

FLOR ET AL.

100.0

99.8
99.6

o
e
F-9

e T S

AW(%)

99.0

98.8 - |

1000
1)

L 1
200 400 660 8[;0

FIG. 1. TG under pure oxygen {1 atm) of a powder mixture pre-
viously heated at 830°C for 12 hr. According to XRPD, the mixture is
mainly L2.

mation. Compared to T,, T, is also less clearly defined,
because L2 formation from a powder mixture of suitable
reagents is a kinetically complex process which depends
from the rate constants of several reactions and from
sizes and shapes of the parent grains. Actually, we merely
considered these T, values as a practical guide for planning
the chemical diffusion experiment described hereafter.

Under different oxygen partial pressures, 7, changes
from ~-800°C (at P(O,) = 1 atm) to ~740°C (at P(0O,) =
1073 atm). Also the T, value decreases with decreasing
P(0O,). These T, and T, values are plotted as filled circles
and triangles in Fig. 2. The trend of the 7, values is not
very far from that obtained by Rubin er af. (23) by oxvgen
partial pressure determinations on L2 samples with
molecularity close to 2212.

When combined with the discussion of the introduction
about the most suitable reaction temperature, the circles
and triangles of Fig. 2 outline the (T, P(0,)) we are looking
for. In particular, the figure shows that, for a reaction
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FIG. 2. Interaction of the L.2 phase with gaseous oxygen; for the
meaning of ranges 1, 11, and I1I, see text.



KINETICS AND DIFFUSION IN Bi, Sr, Ca, Cu/O SYSTEMS

40 pm
s
~] I cwu~=~~~~BiL
S| e
:é |
p——g
N [ | NS 1
W (et wm— CaK
0 .,_,...,."JL“__&K

CaBi,0,

WL

Bl ™ []CaBi0,

FIG. 3. Scheme of the product layers formed by the CaBi,O, +
Sry75Cag Cu0; couple at 750°C and P(Q;) = 107 atm.

temperature around 750°C, the most appropriate oxygen
partial pressure is =107 atm.

The effect of the Sr/Ca ratio can be investigated in
a very direct way because the binary phase previously
indicated as SrCu0, extends its stability field into the Sr,
Ca, Cu/0 system (24), and can be prepared, for instance,
with composition Cag 5551 +;Cu0,. Substituting this mate-
rial for SrCu(, in the last step of the reaction path would
hopefully produce a single-phase L2 product with
2:1.5:1.5:2 (Bi: Sr:Ca: Cu) cation ratios or, more pre-
cisely, with cation ratios 2:(0.75x): (1 + 0.25x):x, with
x close to, but not necessarily equal to, 2.

Therefore, to clarify the coupled effect of environmen-
tal atmosphere and Sr/Ca ratio on the reaction mecha-
nisms, the diffusion couple (CaBi,0O, + SrCuQ,) already
discussed in our previous work (5) has been reinvestigated
under the same conditions, but using both a different
oxygen partial pressure (107 instead of 1 atm) and these
two Sr/Ca ratios.

Under this atmosphere, these reacting couples
(CaBi0, + SrCuQ, and CaBi, 0, + Cay,:Sr,7Cu0,) be-
have very similarly and form three product layers.

Figure 3 shows the microscopic observation of the sec-
ond couple (CaBi,O, + Cay,sSr,,:Cu0,) after a reaction
time of 100 hr. The left layer (layer 1) is black and contains
all four cations; by EMPA and XRPD it corresponds to
the desired L.2 phase. Its position on the CaBi,0, side of
the original reaction interface indicates that its formation
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involves O, Cu?*, and Sr?* diffusion. On the basis of
our knowledge of the pertinent diffusion coefficients in
this material or in other cuprate superconductors (25, 26),
we may argue that L2 formation is kinetically controlled
by the diffusion of the cations.

The second layer (II) is yellow, much thinner than the
other layers, and as determined by EMPA mainly contains
Ca and Bi, with small amounts of Sr. Under the optical and
electron microscope, this layer is seemingly homogeneous
and has been assigned to the ternary (Ca, Sr, Bi) oxide
solution found by Roth et al. (16) in the Ca, Sr, Bi/O
system, and denoted in the experimental section as TM.
According to these authors, the TM phase is a broad-
range solid solution. It is probably to be identified with
the Sr,CasBi;O, compound described by Hong et al. (18),
when analyzed by XRPD, the four strongest peaks of
layer II actually correspond to those reported by them.
To emphasize the nature of broad-range solid solution, its
composition can be written as (Ca _, Sr.);_,Bi;,,Os,yp -

The dark yellow layer close to the CaBi, O, pellet only
contains Bi and Ca, and has been assigned by EMPA and
XRPD to the Ca,Bi;0,y compound.

The practical rate constants are 2 X 107, 1 x 10712,
and 1 x 107'° cm? 57! for the formation of L2, TM, and
Ca,Bi 0;, respectively.

We can now compare the present result with that for
reaction of the same phases at the same temperature, but
at P(O,) = 1 atm [Fig. 12 of Ref. (3)]. There, four product
layers were found: Sr,,Cu,,0,;, the one-layer supercon-
ductor (L.1), Ca,Bi;0};, and a Bi-poor CaBi,0,. Here,
the L2 phase is at last formed, but it is coupled with
spurious phases.

The results thus far discussed can be summarized as
follows: low oxygen partial pressure is necessary for pro-
ducing an L.2 phase, but this condition (alone or simply
coupled to a change in the Sr/Ca ratio, at least within the
investigated range) is not sufficient for producing only this
phase. We are therefore obliged to infer that Bi excess
of the L2 phase must also be taken into account, and that
a different path must be determined.

As a matter of fact, a number of experimental results
indicate that the crucial point is the full cation molecu-
larity of the desired phase. The first argument relies on
the observation that the formation of L2 requires segrega-
tion of phases (Ca,Bi,O,; and TM) lying outside the inves-
tigated pseudobinary joints. As a further argument, let us
note that the diffusion experiments discussed so far in-
volve three reagents: CaBi,O, and two compositions
{SrCu0, and Ca, 5551 7sCu0,} of the same phase. In the
pseudoquaternary system {oxygen partial pressure being
kept constant) of Bi, Sr, Ca, and Cu oxides, the composi-
tions corresponding to these reagents define a plane. The
experimental observation that the L2 layer is in contact
with a phase (TM) lying outside the plane, and the assump-
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FIG. 4. Composition tetrahedron of the Bi, Sr, Ca, Cu/O system at
P(O;) = 1077 atm and T = 750°C. The irregularly shaped polyhedron
schematically indicates the stability field of the L2 phase, drawn on the
basis of the previous experimental results (11); the lines indicate the
investigated diffusion couples.

tion of thermodynamic equilibrium at the interface mean
that the stability field of L2 does not cross this plane (with
respect to TM, it must be on the other side of the plane).

The above conclusion is in agreement with the most
recent experimental determinations of the stability field
of the L2 phase, and is graphically shown in Fig. 4. In
this figure we have schematically drawn, in the form of
a polyhedron, the stability composition field (at 750°C and
P(0,) = 107 atm} of L2 using our previous determinations
(11). The figure shows that the line corresponding to the
reaction couple here discussed does not cross the stability
field of L2.

Now, to search for an alternative path, a useful starting
point is still given by the previous experimental results
and by the conclusion inferred from them, because they
clarify a number of thermodynamic and kinetic con-
straints which must hold for any candidate path. These
experiments and conclusions also provide some clues in
the search for an alternative path. Broadly speaking, we
may argue (i) that the required join is not very different
from the Ca,Sr,_,Cu0,~CaBiO, (0 = 1 = 0.25) joins thus
far investigated, because these phases do indeed form the
L2 phase by reaction at 750°C and P(O,) = 10~* atm and
(i) that obvious candidates for the phases defining the
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new join can be searched among the phases involved as
reagent or product in the previous joins.

As already stated, it is an experimental fact that the
2212 cation composition does not fall into the stability
range of L2, and, in particular, that Bi excess must be
explicitly taken into account. We can start our search
from this point. In this regard, CaBi,0, does not seem
useful, because it is a line compound.? The same conclu-
sion applies to the (Ca, Sr)CuQ, solid solutions, which
do not allow varying Cu/(Ca + Sr) ratios.

Things are different for the TM phase, which is formed
in the neighboring layer when reacting the Ca,Sr,_,
CuQ,-CaBi,0, joins, so that it is not unreasonable to
assume its thermodynamic compatibility with L2.

If TM is one member of the reacting couple we are
looking for, the other reagent phase must be Sr,,Cu,,0,, .
This phase is formed as a methatetic product of the
CaBi,0,-SrCu0, couple at 750°C and P(O,) = [ atm (5),
but can be produced in a clean and faster way by reacting
SrCO; and CuQ powders in the appropriate stoichiometric
amount at T = 800°C and P(Q,) = 1 atm. Figure 4 shows
that the segment connecting these reagents does indeed
cross the stability field of L2, if the TM phase is prepared
with an appropriate cation molecularity. We actually se-
lected the cation ratios 0.376:0.082:0.543 (Ca: Sr: Bi),
which correspond to x = 0.179, ¥y = 0.085 in the chemical
formula (Ca,_, Sr.},_, Bi;,, O, » but other nearby com-
positions can be used.

As a test of the effectiveness of this reaction step, a
diffusion couple experiment has been performed at T =
750°C under P(O,) = 107* atm on the reagents Sr,,Cu,,0,,
and (Cay_,Sr,),, Bij,,Os4yyz (With x = 0.179, y = 0.085).
This couple is a clean step toward L2. Figure 5 shows
the reacting couple after 200 hr, with a single black prod-
uct layer between the reagent layers. The overall reaction
(not considering oxygen nonstoichiometry of the L2
phase) is

S114Cu,404, + 23 (Cayg 2,51 129)0.915B11 08502 543
— 12 Biy 4457, 45Cas 14CU; 04 o &+ 1.505 0.

By Fick-law analysis, the practical rate constant is
3 x 10712 ¢m? sec™!, which is about 10 times lower than
the rate constant for formation of the L2 layer from the
CaBi,O, + Cay55r,,;Cu0, couple under the same 7,
P{0O,) conditions.

Itis quite interesting to note that the L2 phase soformed
shows a remarkable composition variation for Ca and Sr

? For the sake of completeness, we can note here that from previous
diffusion experiments (5) we gained some evidence that this compound
can be Bi understoichiometric. However, this information is not useful,
because Bi overstoichiometry, instead of Bi understoichiometry, is re-
quired.
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FIG. 5. Electron microprobe analysis (EMPA) and optical micro-
graph of the diffusion couple between SrCuyO, and (Ca,_,Sr)_,
Biyy, Oy (With x = 0,179, ¥ = 0.085) at 750°C and P(O,} = 107* atm.

cations along the diffusion direction {see upper part of
Fig. 5). In light of the previous discussion about cation
molecularity, this experimental result is not surprising,
and it indicates that the reaction path here found can
hopefully be used to produce materials with L2 structure
and a broad range of cation compositions.

For the sake of completeness, we must report that, in
afew cases, also CuO segregation has been observed near
the phase boundary with the Sr, Cu/O reagent, but the
segregated phase disappears as the reaction proceeds.
Clearly, all these features indicate a complex reaction
mechanism, and further work is in progress to gain a
better understanding of all these aspects, and to single
out the best compositions of the starting reagents for a
performing synthesis of a superconducting material with
a preset cation molecularity.

The reaction path has been tested also on the corre-
sponding powder reaction. Figure 6 reports the XRPD
pattern of the material obtained by reacting at 750°C and
P(Q,) = 1073 atm a mixture of Sr;;Cu,,0,; and TM with
the above composition. The pattern is in good agreement
with the results of Idink er al. (27). The (hki) indexes of
the figure do not take into account the peaks due to the
incommensurate lattice modulation and follow the in-
dexing scheme of the latter authors. By least-squares anal-
ysis according to this indexing scheme, the lattice con-
stants are a = 0.54284(30) nm, » = 0.54107(30) nm, ¢ =
3.0691(17) nm. Generally, we prefer microscopic inspec-
tion to XRPD analysis for detecting impurity phases. In
diffusion couple experiments, impurity phases generally
segregate at or near the well-defined boundaries between
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product layer and reagent layers, thus making the micro-
scopic observation simpler and possibly more sensitive,
With the exception of the above-mentioned cases of CuO
segregation and redissolution, we have never been able
to see impurity phases with optical microscopy at 1000
X magnification and with SEM at 20,000 x magnification.

Finally, we note that the external [T, P(Q,)] conditions
respectively required for a performing synthesis and for
achieving the best electrical properties may conflict with
each other. Actually, the L2 phase produced by this three-
step path does not show cutstanding superconducting per-
formance (T, ~ 70 K} and therefore requires further heat-
ing in the most appropriate oxygen atmosphere to gain
its optimal hole concentration.

4. CONCLUSIONS

The results of the present work, coupled with the sys-
temalic investigation of our previous work (5), show that
a clean solid-state synthesis of the two-layer Bi, Sr, Ca,
Cuw/O superconductor usually referred to as Bi,Sr,Ca
Cu,0y is indeed possible by selecting a suitable reaction
path.

The critical point of the clean synthesis is the last step,
which requires an appropriate choice of reaction tempera-
ture, reaction atmosphere, and cation molecularity. The
experimental data indicate that all these external condi-
tions are mandatory: it is impossible to produce the de-
sired phase without reducing the environmental oxygen
pressure, but it is also impossible to obtain the L2 phase
alone without taking into account the appropriate cation
ratios and reaction temperature,

The influence of the reaction temperature is a compro-
mise between kinetic and thermodynamic reasons: the
need for achieving high reaction rates and avoiding forma-
tion of liquid phases through peritectic or eutectic trans-
formations.

The influence of cation molecularity is related to the

1200

115) 20

.22.0 26.0 300 340 330
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FIG. 6. X-ray powder diffraction pattern of the L2 material produced
by reacting a powder mixture of Sr,CuyQ, and (Ca,_, St -, Bijy,
Oy (wWith x = 0.179, y = 0.085) at 750°C and P(Oy) = 1073 atm.
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topology of the phase diagram. The segment indicating
the pseudobinary reaction of the last step must cross the
thermodynamic stability field of the L2 phase; otherwise,
formation of spurious phases cannot be avoided.

The influence of P(0,) is reasonably due to a combina-
tion of thermodynamic and kinetic factors. The point to
be stressed here is the competition with formation of the
one-layer Bi, Sr, Cu/O superconducting phase (1.1). We
recall, on one hand, the thermodynamic instability of .1
under low P{Q,) values (3). On the other hand, it has been
already shown (4) that the solid-state synthesis of L1
requires oxygen transport through gas phase. Also, it is
not unreasonable to argue that a smaller oxygen nonstoi-
chiometry may provide easier paths for cation diffusion
inside the 1.2 structure.

In conclusion, the clean synthesis of L2 can be achieved
by a three-step process as follows:

+ synthesis of the Sr,Cu,,0, compound by reacting
stoichiometric amounts of SrCO; and CuQO powders at
T = 800°C and P(O;) = 1 atm;

» synthesis of the ternary (Sr, Ca, Bi) solid solution with
monogelinic structure and 0.376: 0,082 :0.543 (Ca: Sr: Bi)
cation molecularity by reacting stoichiometric amounts
of CaC0O,, SrCO,, and CuO powders at T = 800°C under
P(O;) = | atm;

» reaction of the above intermediate products at T =
750°C under P(Q,) = 107 atm.

We again stress the fact that each step of the above-
described process gives a single-phase material, so that
the final product is obtained free of the spurious phases
that reportedly segregate at the grain boundaries when
other synthetic routes are followed.

More generally, we think that the present work outlines
an approach to the synthesis of large classes of chemically
complex oxides. When performed by reaching powder
mixtures of suitable precursors under various atmosphere
and temperature conditions, these processes are difficult
to rationalize. In particular, they lack the large number
of guidelines, experimental tools, and, in simple words,
scientific knowledge which is often available for the chem-
ical reactions occurring in a fluid phase. For many solid-

state reactions, this knowledge is provided (i) by the theo-

retical background of diffusion-driven solid-state reac-
tions; (it) by the experimental investigation of more simple
and clean systems by means of chemical diffusion experi-
ments; (iii) the thermodynamics of the pertinent system;
and (iv) some general experimental tools, such as thermal,
microscopic, microanalytic, and diffraction methods. In
our opinion, the present work shows that this theoretical
background and these experimental investigations are ac-
tually able to provide a deeper understanding of the het-
erogeneous reactions occurring when these complex ma-
terials are formed, and therefore are able to provide a

FLOR ET AL.

rational way of planning and a controlled manner of com-
pleting their synthesis,

ACKNOWLEDGMENTS

This work was partially supported by the Department of University
and Scientific and Technological Research of the Italian Government
(MURST-40%).

REFERENCES

1. G. Flor, M. Scavini, U. Anselmi-Tamburini, and G, Spinolo, Solid
State Tonics 43, 77 (1990).

2. U. Anselmi-Tamburini, P, Ghigna, G. Spinolo, and G, Flor, J. Phys,
Chem. Solids 82, 715 (1991).

3. G. Spinolo, U. Anselmi-Tamburini, P. Ghigna, and G. Flor, J. Phys,
Chem. Solids 53, 591 (1992}, .

4. P.Ghigna, U. Anselmi-Tamburini, G. Spinolo, and G. Flor, J. Phys.
Chem. Solids 54, 107 (1993).

5. G. Spinolo, U. Anselmi-Tamburini, P. Ghigna, and G. Flor, Physica
C 217, 347 (1993).

6. A. Q. Pham, A. Maignam, M. Hervieu, C. Michel, J. Provost, and
B. Raveau, Physica C 191, 77 (1992).

7. A. Q. Pham, M. Hervieu, A, Maignam, C. Michel, J. Provost, and -
B. Raveau, Physica C 194, 243 (1992).

8. T. G. Holesinger, D. J. Miller, L. §. Chumbley, M. J. Kramer, and
K. W. Dennis, Physica C 202, 109 (1992).

9. R. Miiller, Th. Schweizer, P. Bohac, R. O. Suzuki, and L. J.
Gauckler, Physica C 203, 299 (1992).

10. F. Munakata, T. Kawano, H. Yamauchi, and Y. Inoue, J. Solid
State Chem. 101, 41 {1992).

11. P. Ghigna, G. Chiodelli, U, Anselmi-Tamburini, G. Spinolo, and
G. Flor, Z. Naturforsch. A 48, 1214 (1993).

12. K. Knizek, E. Pollert, D. Sedmidubsky, J. Hejtmanek, and J.
Pracharovi, Physica C 216, 211 (1993).

13. P. Conflat, J. C. Boivin, and D. Thomas, J. Solid State Chem. 18,
133 (1976).

14. B. G. Kakhan, V. B, Lazarev, and I. S. Shalpigin, Zh. Neorg.
Khim. 24, 1663 (1979); Russ. J. Inorg. Chem. (Engl. Transl.) 24,
922 (1979).

15. U. Anselmi-Tamburini, P. Lupotto, and G. Spinolo, Powder Diffr.
§, 192 (1990).

16. R. 8. Roth, B. P. Burton, and C. J. Rawn, Ceram. Trans. 13,
23 (1950).

17. W. A. Groen, D. M. De Leeuw, and L. F. Feiner, Physica C 1685,
55 (1990).

18. B. Hong, I. Hahn, and T. O. Mason, J. Am. Ceram. Soc. 73,
1965 (19%0).

19. J. S. Golden, T. E. Bloomer, F. R. Lange, A. M. Jegadaes, E.
Vaidya, and A. K. Cheetham, J. Am. Ceram. Soc. 74, 123 (1991).

20. A. L Beskrovnyi, M. Dlouha, Z. Jirak, 8. Vratislav, and E. Pollert,
Physica C 166, 79 (1990).

21. V. Petricek, Y. Gao, P. Lee, and P. Coppens, Phys. Rev. B 42,
387 (1990).

22. A. Yamamoto, M. Onoda, E. Takayama-Muromachi, F. lzumi,
T. Ishigaki, and H. Asano, Phys. Rev. B 42, 4228 (1990).

23. M. Rubin, T. P. Orlando, J. B, Van der Sande, G. Gorman,
R. Savoy, R. Swope, and B. Bevyers, Physica C 217, 227 (1993).

24. R. §. Roth, C. J. Rawn, J. J. Ritter, and B. P. Burton, J. Am.
Ceram. Soc. 72, 1545 (1989).

25. 3. ]. Rothman and J. L. Routbort, Defect Diffusion Forum 95-98,
1097 (1993).

26. D. Gupta, Defect Diffusion Forum 95-98, 1111 (1993).

27. H. Idink, D. Gétz, Th. Hahn, and E. Woermann, Physica C 204
(1993) 267.



