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The homogeneity range of Bi—Sr—Ca—Cu oxides with two-layers (“2212”) structure has been
investigated with X-ray powder diffraction and electron microprobe determination on materials with
nominal Bi,Sr;_,Ca,Cu,0g,, (x=1+2 in 0.1 steps) composition and being prepared at two
different oxygen partial pressures. The results show Bi over-stoichiometry and a wide range of Sr/Ca
substitution.

DC resistivity measurements indicate that the hole concentration is controlled by both oxygen
non-stoichiometry and cation molecularity. It is shown that a single phenomenological relation
between hole concentration and electrical properties can explain in a consistent way the complex
behaviour of the whole set of materials with different oxygen non-stoichiometry and cation molec-
ularity.
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1. Introduction

The family of oxide superconductors usually writ-
ten as Bi,Sr,Ca,_,Cu,O,,,,(n=1,2, or 3) [1] shows
a broad range of structural, chemical and physical
properties. Three crystal structures with supercon-
ducting properties have been described for these mate-
rials: they are referred to, as the one-layer (L1, in the
following), two-layers (L2), and three-layers (L3)
structure because they correspond to different stack-
ing sequences of the same building blocks. Formerly,
a strict relation was believed to exist between each
phase and the cation molecularity (n =1, 2, or 3) of the
family. It has later become clear that these crystal
structures actually describe solid solutions with well
measurable composition ranges, and that a family
member may even fall outside the single-phase stabil-
ity field of the corresponding structure [2—-9]. Sr/Ca
substitutional defects have been mainly investigated in
this regard, but there is now general agreement that
some amount of Bi occupies alkali earth sites.

On the other side, the superconducting properties
of these materials are usually related with the elec-
tronic holes [h'], that can be produced by quenching
the oxygen over-stoichiometry obtained with high-
temperature treatments under different oxygen partial
pressures [10—14]. However, a strong influence be-
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tween oxygen non-stoichiometry and cation molecu-
larity should be expected on the basis of very general
considerations about defect equilibria.

In this paper we provide experimental arguments
showing the influence of cation molecularity and oxy-
gen non-stoichiometry on hole concentration [h'] and
superconductivity of two-layers structure solutions by
investigating the homogeneity range and electrical
properties of a series of materials with nominal compo-
sitions described by Bi,Sr;_ Ca,Cu,045,, (1S x<2).

2. Experimental
2.1. Materials

The starting materials Bi,O;, CuO, CaCO; and
SrCO; (Aldrich 99.99%) were used as supplied. Ap-
propriate amounts of the starting powders were mixed
in acetone under vigorous stirring, dried, uniaxially
pressed into pellets, and allowed to react at 1100 K
under pure oxygen at 1 atm for a total time of 144
hours with one intermediate cooling step after 96
hours for grinding and re-pelletization. The starting
(nominal) compositions of these materials are de-
scribed by the general formula Bi,Sr;_,Ca,Cu,0q,
with x =1 to 2 at 0.1 steps.

A second series of materials was prepared by further
heating each sample of the first series at 1020 K for
48 hours under 10~ % atm oxygen partial pressure.
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2.2. Instruments and Methods

Four-electrodes dc resistivity measurements were
performed at 10 K <T<300K using a Solartron
1286 Electrochemical Interface and an LTC 60 tem-
perature controller driving a Leybold ROK 19
cryostat. Using IEEE 488 interfaces, both devices were
connected to a personal computer for sampling g vs. T
curves at 10s intervals with a cooling rate of
5-1073 Ks™ L

X-ray powder diffraction patterns were taken with
a Philips 1710 diffractometer equipped with a copper
anode (A for K & radiation =0.15418 nm), graphite
monochromator on the diffracted beam, and propor-
tional counter, operated at 40 KV and 35 mA. The
lattice dimensions were obtained with a programme
[15] minimising the squared differences between cal-
culated and experimental Q values (Q;=4sin?3;/
4%, 9, = diffraction angle) with weights proportional
to [sin(29;)] 2.

A Zeiss Axioplan and a Jeol JXA-840A equipped
with wavelength dispersive detector were used, respec-
tively, for optical and both electronic microscopy
(SEM) and electron probe microanalysis (EMPA). The
samples were prepared by inclusion in epoxy resin
(Buehler) and polishing to optical flatness. For
EMPA, the samples were covered with graphite. Bi
and Cu were analysed with a LiF crystal using M and
K radiations, respectively; Ca with a PET crystal and
K radiation, Sr with a TAP crystal and L radiation,
and the instrument was operated at 20 nA beam inten-
sity and a 5um? spot. The standard materials
for elemental analysis were polycrystalline sintered
Bi,0;, SrF, (Aldrich 99.99%), and CaF, (Aldrich
99.9%) single crystals, and polycrystalline Cu metal
(Jeol 99.9%). The standard deviations of the analytical
determinations were always below 0.5%.

3. Results

The homogeneity range of the L2 phase was inves-
tigated by coupled X-ray powder Diffraction (XRPD)
and Electron Microprobe Analysis (EMPA).

Figure 1 shows an XRPD pattern of a materials
with x =1.5. An inspection of the XRPD patterns of
the whole series of the samples before and after heat
treatment at T=1020K and P(0,)=10"3atm
showed that:

e most samples are polyphasic, but in all samples L2
is the majority phase;

1215

Pt
PO, = 1 am
P(O,) = 10° atm
0 10 20 30 40 50 60 70 80
20/°

Fig. 1. X-ray patterns of a sample with nominal composition
Bi,Sr, sCa, sCu,Og. ,, produced at P(O,) =1 atm (top pat-
tern) and af‘ er heat treatment at P(O,)=10"3 atm (bottom
pattern). The vertical bars indicate the peaks of the L2 phase;
the asterisks mark the most important impurity peaks.
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Fig. 2. Lattice dimension c of L2 structure as a function of the
effective Sr content (g, ).

e the lattice dimension ¢ of L2 rises as the Sr content
rises (Figure 2);

e in samples produced under 1 atm O, the largest
impurity is L1;

e in samples produced under 10~3atm O, the
amount of L1 is generally lower and vanishes in
the 1.2 < x < 1.7 range; these samples also contain
(Sr, Ca),,Cu,,0,, and (Sr, Ca),CuO, impurities at
high and low Sr content, respectively.

The relative amounts of the spurious phases, as
inferred by XRPD, is shown in Figure 3.

For the EMPA determinations, seemingly single-
phase areas were selected by careful inspection of the
samples under SEM. The results show that:

e within the experimental errors, the heat treatment
at 10~ 3 atm O, does not change the cation molecu-
larity of the L2 phase;
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Fig. 3. Phase impurities of the investigated materials as a func-
tion of the nominal Sr content (x in Bi,S: Ca,Cu,O4.,,).
The ordinates are ratios of X-ray powder 31(1‘! action 1ntens1—
ties. Triangles: (111)-Ca,CuO; to (200)-L2; open circles:
(113%—L5 to (115)-L2; ﬂlled circles: (400)-Sr1 +Cuy,0,, to
(115)-L2.

e Biis always in excess with respect to “2212” molec-
ularity, and varies in the range 1.04 < Bi/Cu £1.27;

e the total amount of alkali earth cations (Sr+ Ca) is
generally lower than expected from “2212” molecu-
larity: 2.91 < (Sr+Ca) < 3;

e the Sr/Ca ratio is in the 1.47 + 0.64 range.

To make clear the deviation from nominal
compositions (above that described by x in
Bi,Sr;_,Ca,Cu,0g, ), the true cation molecularities
obtained by EMPA determinations will be indicated
in the following as ratios (x;) of the amounts of the
different cations (je I = {Ca, Sr, Cu, Bi}):

. n(j)
Y XnG)

iel

The whole set of XRPD and EMPA results is in
qualitative agreement with previous data [16—19].
For easier comparison, Figure 4 shows the homogene-
ity range of the L2 phase in a plane parallel to the
Ca—Sr—Bi basis using a representation similar to that
of Golden et al. [16] and Holesinger et al. [18]: xc,, xs:
and xg; are here normalized to constant yc,=0.3.
Quantitatively, our data indicate a lower Bi content
(i.e. a lower Bi excess with respect to “2212”) than the
result of Golden et al. [16]. With respect to Holesinger
et al. [18], the present results show a lower Sr/Ca ratio
but a very close Bi content. These discrepancies may
well be explained making reference to the presence of
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Fig. 4. Homogeneity range of the L2 phase. The filled circles
indicate experimental determinations. Empty circles corre-
spond to indicated ratios Bi/Sr/Ca/Cu.
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Fig. 5. Resistivity (g) of samples with different nominal com.
positions prepared at P(O,)=1 atm (a) and P(0,)=10"3
atm (b)

the L1 phase found by Golden et al. [16]. Moreover, it
is worth noting that Holesinger et al. [18] prepared
their samples at higher temperatures, and that higher
preparation temperatures correspond to higher Sr/Ca
ratios (see Majevski et al. [19]).
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Fig. 6. Critical temperature (onset) as a function of the effec-
tive Sr content (xg,).
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Fig. 7. Resistivity at T =100 K as a function of the effective
Sr content (xg,).

Figures 5a and 5b show the resistivity (g) vs. tem-
perature (T) plots of samples produced at 1 atm O,
and 10~ 3atm O,, respectively. It is apparent from the
figures that the superconducting transition is sharp
when the nominal Sr content (3—x) is above 1.7. At
lower Sr contents, the transition becomes diffuse and
happens at lower critical temperatures, the ¢ values
are 3—4 times higher than those of the other samples,
and the ¢ vs. T curves show a complex shape in
the 40 <T <60 K range. This is clearly due to the
presence of another superconducting phase, that
has been identified by XRPD and EMPA as a Ca-
rich L1 phase and can be provisionally written as
Bi,(Sr,_,Ca,),CuO,.

Figure 6 reports the (onset) T, at different xg, for
both the low-P (O,) and high-P (O,) series of samples.
It is worth noting here the different values and signs
of the slopes for the two series, as well as the seemingly
converging trends towards a single value at the low g,
side. Finally, Fig. 7 shows how the resistivity (at the
selected temperature of 100 K) changes with yg, .

4. Discussion

There is general agreement about the very impor-
tant influence of holes localised in the CuO,, planes on
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Fig. 8. Phenomenological relation between hole concentra-
tion and critical temperature, redrawn with modifications
after [18]. The stars indicate the low-ys, samples that show
almost the same T, after heat treatments at P(O,) =1 atm
and P(0,)=10"3%atm. The arrow indicates the effect on
electrical properties of changing hole concentration by rising
Sr content.

the superconducting properties of CuO-based materi-
als having perovskite-related structures. Accordingly,
a precise knowledge of both (cation) molecularity and
(oxygen) stoichiometry is an obvious prerequisite to
the understanding of relations between hole concen-
tration and superconductivity.

The superconducting phase here discussed is char-
acterised by a significant oxygen over-stoichiometry
in a wide P (O,) range [10—14]. For that reason it has
usually been assumed (implicitly) that the hole con-
centration [h'] can be directly evaluated from a mea-
surement of oxygen non-stoichiometry, because of the
defect reaction

1/20,=0} + 2h". 1)

By showing the large molecularity range of differ-
ently charged cations, the present results indicate that
the cation molecularity must be carefully considered,
in addition to the oxygen non-stoichiometry, when
evaluating [h’]. Taking into account that excess Bi
occupies Sr sites [5], it is possible to write the follow-
ing defect equation:

Bi + Srg, + h* = Big, + Sr, @)

which shows that one hole is destroyed when one Big,
substitutional defect is formed. Since the L2 phase
always contains Bi excess (Big, defects), its hole con-
centration is always lower than inferred by measuring
the oxygen content. It is worth noting that most of the
conclusions below do not depend on the particular
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nature of the defect involved in the equilibrium (2): for
instance, Big, defects will produce the same result.

The critical temperature has frequently been corre-
lated with [h'], and a bell-shaped plot is then obtained.
For instance, Pham et al. [14] have shown that the T,
maximum occurs at y=0.12 for Bi,Sr,CaCu,Oq.,
materials. The present results can be analysed in an
analogous manner (Fig. 8) directly using [h'] instead of
their y coordinate. Because of the polyphasic nature of
some of the samples, it has been considered unreliable
to perform oxygen non-stoichiometry measurements
on these materials. Therefore, it is not possible here to
indicate a precise [h'] scale for Figure 8. Nevertheless,
a sound conclusion can be drawn by simply consider-
ing how T, changes by changing the Sr and O content
of the samples.

Let us start from the remark (see again Fig. 6) that
the samples with the lowest effective Sr content (xs,)
show practically the same T, after heat treatment at
P(0,)=1and P(0,) =103 atm. Therefore, they can
in Fig. 8 be placed at the same ordinate on either side
of the bell-shaped curve (in particular: the low-P(O,)
sample on the left branch, the high-P (O,) sample on
the right branch). Going now to higher Sr contents,
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