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The BisSrsCaz—xR,CusO, materials (R is a rare-earth element) were studied to determine
their structural and physical properties. For most of the rare-earth elements, a complete solid
solution exists up to x =2. Below x=0.5, T, is not affected and for each added rare-earth ele-
ment we find that about 0.5 oxygen atom is added to the structure. However, the structural
modulation observed along the b axis for the undoped material persists and remains of the same
amplitude for the rare-earth-doped samples. When more than one R (x = 1) is substituted, 7 is
depressed and the compound becomes semiconducting beyond x =1.5. The depression in T, from
85 K (x=0) to less than 4.2 K (x =1.5) correlates to a decrease in the formal valence of copper
and is independent whether the rare-earth element is magnetic or nonmagnetic. No evidence for
magnetic ordering over the range of temperature 1.7-400 K has been observed in all the substi-
tuted compounds. The substitution for Cu by 3d metals or for Sr by rare-earth elements fails for
the 85-K Bi phase but succeeds for the 10-K Bi phase. Consequently, the following series
Bi;Sr2Cu; -xM,0O, (M =Fe,Co) and Bi;RCaCuO, (R=La,Pr,Nd,Sm) were made for study.
These substitutions result in an uptake of oxygen (0.5 for each substituted element). But the ma-
terials become semiconducting even though the formal valence of Cu remains greater than 2. An

1 MARCH 1989

antiferromagnetic transition at 140 K has been found for the Co sample.

I. INTRODUCTION

After two years of intensive research on the high-7,
coper oxides, the mechanism for superconductivity in
these materials still remains to be determined. However,
the study of new materials and chemically substituted
phases has revealed several important trends in properties
and this may contribute to the developments of a viable
theory. In these materials, the formal valence of copper
(between 2 and 3) is one of the crucial parameters for the
occurrence of superconductivity. Changing the Cu
valence can be achieved by cationic substitutions as in
La;—,Sr,CuOy4 (Refs. 1-4) (denoted as the 40-K phase)
or by modification of the oxygen content as in
YBayCu307-, (Refs. 5 and 6) (denoted as the 90-K
phase). For both systems, it was found that T, increases
with increasing the amount of Culll that is commonly as-
sociated with the number of holes. However, in the 40-K
phase there is a threshold value, beyond which T, de-
creases.!> Another common feature for these cuprates,
whose structure consists of a packing of CuQ; layers
separated by ionic-type sheets, is their low dimensionality
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resulting in anisotropic physical properties. From a com-
parison of the 40- and 90-K phases it was suggested that
one-dimensional (1D) linear CuO chains - were required to
obtain higher-T, materials. But with the discovery of su-
perconductivity above 85 K for several Bi (Refs. 7-10)
and Tl (Ref. 11) oxide phases the need for Cu-O chains
was unambiguously ruled out. Finally, both the 40- and
90-K phases have closely related “parent” compounds
[such as Lay;CuO,; (Ref. 12) and YBa,Cu30¢ (Ref. 13)]
that are antiferromagnetic insulators. Based on these ex-
perimental facts and on several theoretical calculations, it
has been proposed by several authors that magnetic in-
teractions may enhance the pairing of the superconduct-
ing electrons. !4 16

The discovery of the Bi-based materials provided anoth-
er opportunity to test the above trends dealing with copper
valence, low dimensionality, and magnetism. Since chem-
ical substitutions have already turned out to be of great
help in enhancing our understanding of the 40- (Ref. 17)
and 90-K (Refs. 18-20) phases, we extended these studies
to the Bi systems. Three phases of general formula
Bi,Sr,Ca,-1Cu,0O, with n=1, 2, and 3 and T,.’s of re-
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spectively 10,2122 858710 and 110 K (Refs. 23 and 24)
have been isolated in the Bi system. In the following we
will name the Bi phases after their number of Bi, Sr, Ca,
and Cu atoms per formula unit so that, for example, the
Bi4Sr3Ca3CugO, and BirSrCuO, will be denoted as
4:3:3:4 and 2:2:0:1, respectively. The research results re-
ported in this paper are concerned mainly with the 85-K
phase which is the easiest to make as a pure phase. How-
ever, some results for the closely related 2:2:0:1 phase will
be described. With the Bi phase, in contrast to the 90-K
material, the destruction of T, via changes in oxygen con-
tent is not achievable without destroying the structure. 324
Thus, because of the difficulties encountered in removing
oxygen from these materials, we were left only with cat-
ionic substitution as a variable in monitoring T, in the
Bi-based compounds as a function of the composition.

The pseudotetragonal substructure of the 85-K Bi
phase of ideal composition 4:4:2:4 can be viewed as a
three-dimensional packing of Bi,Sr,CaCu,0, slabs along
the ¢ axis with the main feature being the presence of
crystallographically sheared BiO layers separated by a
quite long distance of 3.0 A. Because of the presence of a
structural modulation along the b axis, the real structure
is not fully determined. There are several unanswered key
questions. For example, it is actually not possible to
prepare the 4:4:2:4 composition as a single phase by
solid-state reactions. In fact, a single phase is formed in
the composition range BisSr4—,Cas+,Cu4Oj6+,, only
with 0.5 <z <2.0. This means that Ca and Sr are
mixed within their respective sites. The formula should
therefore be written Bis(Sr,Ca)4(Ca,Sr);CusO16+,. The
value of y is around 0.3 and the location of these extra ox-
ygen atoms has not yet been unambiguously determined,
although simple considerations on the structure have
placed them between the Bi-O layers.® Also, the origin of
the strong structural modulation®2%?’ along the b axis,
detectable even by x rays, remains to be clarified. It has
been argued that it is associated to the displacement of the
Bi atoms in the (a,c) plane.?%?” However, the role of the
oxygen stoichiometry on this modulation remains to be
defined. Thus, any cationic substitution able to modify
the oxygen content in this Bi phase should shed some light
on the above questions.

As a guide to selecting (based on the steric factors only)
the kind of cationic substitution that should have any
chance of success for the Bi phases, we compare, in Fig. 1,
the substructure of the 85-K Bi-based materials with
those of the 40- and 90-K phases (by substructure, we
mean the simplest and smallest cell that ignores the
modulation mentioned above). The following substitu-
tions were tried.

(i) A remarkable similarity between the Bi and the 90-
K structure is that Ca and Y occupy identical crystallo-
graphic sites [sharing edges with eight CuOs pyramids
and faces with two Sr (Ba) polyhedral, suggesting that
within the Bi phase Ca may be replaced by Y (as was al-
ready shown?® ~3°) or by the rare-earth elements as shown
herein.

(ii) The crystallographic site of Sr in the Bi phase is
similar to that of Ba in the 90-K or that of La in the 40-K
phase (ninefold coordinated). Therefore, by analogy to
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FIG. 1. Crystal structures of (a) La;CuQOs, (b) YBa,Cus-
07—, and (c) BisSr4Ca2Cu4O6+y.

the substitution of La by Sr in the 40-K phase or of Ba by
Sr in the 90-K phase,?!' we attempted the replacement of
Sr by rare-earth elements in the Bi phase.

(iii) Among these cuprate phases it is believed that su-
perconductivity resides in the CuO; planes and so far sub-
stitution for Cu in these planes, either within the 40- or
the 90-K phases, have led to a drastic decrease in T.,.
Thus, we looked for the same effect within the new Bi
phases.

In this paper we first report separately the chemical
substitutions on either Cu, Sr, or Ca sites, and their effects
on the structural, chemical, and physical properties of the
resulting materials. We then discuss the results as related
to the large amount of data already existing in the litera-
ture for the cuprate oxides.

II. RESULTS

A. Substitution for Ca

Because of the possible mixing of Sr and Ca in their
respective sites, two series of samples of nominal composi-
tion BisSrsCas - xR,CugOj¢+, (referred to as 4:4:2:4 sam-
ples) and BisSr3Ca; - R,CusOi6+, (referred to as 4:3:3:4
samples) with both a magnetic rare earth (Tm) and a
nonmagnetic one (Lu) were prepared and studied. The
samples were prepared by first heating a mixture contain-
ing stoichiometric amounts of Ca and Sr carbonates and
of Bi, Cu, and rare-earth oxides. The resulting materials
were ground and reannealed several times prior to being
pressed into pellets for physical measurements. The heat-
ing treatments were performed in an ambient atmosphere
and the samples were usually cooled down to room tem-
perature in approximately 6 h. The annealing tempera-
ture required to obtain single-phase materials with
M=Tm or Lu was found to be 40°C higher for the
4:4:2:4 than for the 4:3:3:4 series (900°C instead of
860°C). Single-phase materials (as determined by x
rays) were obtained only for values of x lower than 2.0 for
the 4:3:3:4 series as well as for the 4:4:2:4 samples. This
means that Ca can be fully replaced in the 4:4:2:4 compo-
sitions, whereas it is not the case in the 4:3:3:4 material.
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Substitution is then limited to the Ca site only.

The variation of the lattice parameters for the 4:4:2:4
and 4:3:3:4 series as a function of x were identical for both
Tm and Lu. Thus, we show in Fig. 2 the data for the thu-
lium series only. Independent of the starting nominal
compositions, 4:4:2:4 or 4:3:3:4, the lattice parameters are
changing in a similar manner as a function of the compo-
sition. The a axis is going through a minimum, whereas
the ¢ axis and the unit-cell volume (V) decrease continu-
ously. The unit-cell volume is higher for the 4:4:2:4-than
for the 4:3:3:4 series, as expected, since we have a larger
ratio of [Srl/[Cal and that Sr?* is larger than Ca’*.
This is consistent with a previous study of the BisSri+,-
Cajz - ,Cu40, series which shows that V increases with in-
creasing x.2> Upon increasing the Tm content, the lattice
parameters for both series converge.

High-resolution transmission electron microscopy
(HREM) along with energy dispersive x-ray micro-
analysis, shows that Tm has replaced Ca in the unit cell.
One typical image in the [010] zone-axis orientation is
shown in Fig. 3(a). Observation of the crystal in the
[100] zone-axis orientation [Fig. 3(b)] also shows that the

incommensurate modulation of the structure is still

present in the phase. The inset in this figure shows the
[100] zone-axis selected-area diffraction (SAD) pattern.
This SAD pattern is similar to the one of an undoped ma-
terial, suggesting that the replacement of Ca by Tm (and
the consequent introduction of oxygen for charge balance)
does not change the nature of the incommensurate modu-
lation although it is slightly decreased from 4.7b to 4.3b.
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FIG. 2. (a),(d) the lattice parameters; (b),(e) cell volume
and T.; (c),(f) copper valence and oxygen content are shown for
the BisSr3Cas—xTmxCusOi6+, and BisSrsCaz—xTmy;CusOis+,
series. The dashed lines, joining the experimental points, are
just guides for the reader.

FIG. 3. High resolution electron microscopy image (a) in the
[010] zone axis showing the Bi layers and the prominent Tm
layers (arrowed). (b) In the [100] zone axis showing the modu-
lated structure similar to that.in undoped BisSrsCa,CusO6 sam-
ples. Inset shows the [100] selected area diffraction pattern.

A detailed analysis of the HREM images will be pub-
lished separately.

In the light of the above result, attempts were made to
prepare the series of compounds BisSr4R,CusO,, with R
being the rare-earth elements. We found that all the
phases do form, but, samples with the rare-earth end
members (La,Pr on one side, Yb and Lu on the other)
were always contaminated by impurity phases as deter-
mined by x-ray diffraction. For the largest rare-earth ele-
ment single-phase materials were more easily obtained by
using Ca instead of Sr (i.e., BisCasLa;Cus0,). The an-
nealing temperatures required to obtain single-phase ma-
terials are different for each of the rare-earth elements,
with the highest one (960 °C) being for the lightest rare-
earth elements (Pr,La), and the lowest one (900 °C) being
for the heaviest rare-earth elements (Lu,Yb). The tem-
perature range at which the rare-earth-doped 4:4:2:4
phase forms is narrow (about 60°C) usually with a con-
tamination by the Bi;Sr,CuOg phase at too low or too
high temperatures. The Er-doped 4:4:2:4 phase was the
easiest one to form cleanly, leading to well-crystallized
powders as indicated in the x-ray powder-diffraction pat-
tern in Fig. 4(a). Displayed along with this is the x-ray
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FIG. 4. X-ray powder-diffraction pattern of the BisSr4-
Er2Cu4Oi6+y. The pattern of a polycrystalline powder is shown
in (a) with the Miller indexes noted above each peak. The x-ray
diffraction pattern is shown also for highly c-oriented crystals of
the same phase in (b).

pattern of plateletlike crystals of the same phase grown
using BiyOs3, in excess, as a flux [Fig. 4(b)]. The crystals
were pressed onto a glass slide, and because of the strong
preferential orientation only the (001) planes are ob-
served. Figures 5(a) and 5(b) show the variation of the a
axis and the unit-cell volume for the rare-earth series.
The a-axis lattice parameter increases continuously and
then saturates for the largest ions (La,Pr), while V in-
creases continuously throughout the rare-earth series (i.e.,
as the size of the rare-earth ion increases). The monoton-
ic increase suggests that all the rare-earth elements adopt
the valence +3 in these materials. The difficulty in pre-
paring the end members of the rare-earth series while the
phases from Tm to Nd are easily prepared is reminiscent
of similar results found within the RBa;Cu3zO7—, series in
which the compounds with La and Pr or Lu and Yb are
difficult to obtain as well. The analogy is not surprising
since in both systems the crystallographic site occupied by
the rare-earth elements is similar. Finally, it is interesting
to note that the Bi-phase doped with Tb can be made
while the synthesis of the TbBa,Cu3O, (90-K phase)
remains unachievable.

There remains in the Bi system a third phase, the
Bi;Sr,Ca,Cu30, (n=3) phase, which differs structurally
from the n =2 phase by an extra CaCuQO, sandwich, but
there has been several difficulties in isolating this phase.
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FIG. 5. The variation of the unit-cell parameters “a” and
“V” for the BisSraR2Cu4O16+, series (R =all the rare earth ele-
ments) are shown in (a) and (b), respectively. They are plotted
as a function of their ionic radii taken from Shannon-Prewitt
tables, in the coordinance VI (the only one with a complete set
of data).

We tried to prepare this n =3 phase with the rare-earth
elements instead of Ca but never succeeded in obtaining
traces of this phase regardless of the preparation tempera-
ture and processing.

The substitution of divalent Ca by trivalent rare-earth
elements is expected to either modify the copper valence
or to pull into the structure some oxygen or both, in order
to maintain charge neutrality. The oxygen contents for
the 4:4:2:4 and 4:3:3:4 Tm series (determined by chemical
analysis), are shown in Figs. 2(c) and 2(f) along with the
Cu valence. We note a continuous increase in oxygen con-
tent from 16.2 to 17.3 per formula unit upon increasing
the rare-earth content from O to 2. This indicates that for
each added rare-earth element, half an oxygen atom is
added to the structure. Within the same composition
range, we note that the Cu valence is constant up to
x =0.5 and then decreases but still remains greater than 2
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FIG. 6. TGA traces showing the weight loss of the Bi4Sr4Er,CusO,, Bi,NdCaCuO,, and Bi>Sr,CoO, when heated up to 850°C at

a rate of 10°C/min under a reducing Ar/H; mixture.

for x =2. The Cu valence and then the oxygen content
have been measured for the BisSrsCas-,RxCusOie+y
(x=0.5, 1.0, 1.5, and 2) series using both thermogra-
vimetry analysis measurements (TGA) under a reducing
atmosphere (Ar-H; mixture) and chemical techniques.
The values for oxygen content determined by TGA are
higher than those obtained from chemical analysis. For
instance, an oxygen content of 17.5 per formula unit was
found by TGA for the Er phase (Fig. 6), while chemical
titration gives only 17.3. However, although quite
different, both results agree to show that the copper
valence remains above two upon rare-earth substitution.
The copper and oxygen contents (as determined chemical-
ly) are plotted in Fig. 7(a) for several members of the
rare-earth series. Both the Cu valence and the oxygen
content are the same for all these rare-earth elements. No
difference in the oxygen uptake has been observed for
those rare-earth elements that can exhibit two oxidation
states such as Eu or Sm, suggesting that they all substi-
tute as trivalent ions as also deduced from x-ray data. At-
tempts to lower the oxygen content of these rare-earth
phases by annealing them under He or Ar gases at 800°C,
using a thermogravimetric apparatus (TGA), did not re-
veal any oxygen loss greater than 0.1% in weight indicat-
ing that as for the undoped phases, the range of non-
stoichiometry in oxygen is very narrow, similar to the un-
doped material. Thus, no further studies have been pur-
sued on the effect of the ambient on the processing of
these rare-earth-doped samples.

The superconducting critical temperatures were deter-
mined both inductively and resistively and are shown in
Fig. 7(b). The variation of the resistivity as a function of
temperature from 4.2 to 300 K is shown in Fig. 8 for the
Tm-doped 4:3:3:4 samples. The superconducting critical
temperature 7. remains constant up to- x =0.5 and then
decreases rapidly so that a semiconducting regime is
reached by x =1.5 and extending up to x =2. The linear

temperature dependence above 7, already observed in
most of the superconducting cuprate oxides is still present
here.

Note that for the x =1 sample the presence of two tran-
sitions is indicated and we ascribe this to the presence of
stacking faults, as discussed in previous work.?* Such an
effect was even more pronounced for the 4:4:2:4 series be-
cause of the higher temperatures required for the intro-
duction of the rare-earth element into the compound. The
values of T, (onsets) determined inductively for the
members of the 4:3:3:4 and 4:4:2:4 Tm series are shown in
Figs. 2(b) and 2(e). The similarity of this figure to that
displaying the Cu valence changes [Figs. 2(c) and 2(f)] is
striking, supporting the general belief that 7. is related to
the amount of Culll. However, the x =2 compound is a

BisSrzCas_4TmyCus04 64y

p/100

Resistivity (mQ cm)
N
]

) 1 1
00 100 200 300
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FIG. 7. The resistivity vs temperature from below 7. to room
temperature for several members of the BisSr;Ca;—,Tm,-
Cu4Oi 6+, series.
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semiconductor even with a copper valence greater than 2,
suggesting that the correlation between 7. and Cu valence
is not a general rule (i.e., the presence of Culll does not
imply superconductivity) or that there is a threshold for
the amount of Culll necessary to obtain a metallic behav-
ior. In Fig. 7 the depression of T, is shown as a function
of x for several rare-earth-doped samples. 7, is depressed
in a similar fashion independent of whether the rare-earth

element is magnetic (Er,Tm,Ho), weakly magnetic (Eu),
or nonmagnetic (Lu). The data for R =Lu has not been
included in this plot for reason of clarity, since they were
identical to those of thulium (see Fig. 2).

Finally, as a direct proof of the oxidation state of the
rare-earth ion in these Bi materials, magnetization mea-
surements were performed from 400 K down to 4.2 K in a
field of 10 kG using a superconducting quantum interfer-
ence device (SQUID) magnetometer. The results of these
measurements are shown in Fig. 9 where 1/, vs T is plot-
ted for several members of the rare-earth series. The
linear variation of 1/x, vs T indicates that y, changes with
temperature in a Curie-Weiss manner. A fit of the data to
a Curie-Weiss law of the general formula y, =C,/(T
+8,) + 0 (where C;, O, and yo are the Curie constant,
the paramagnetic Curie temperature, and the temper-
ature-independent  susceptibility, respectively) gives
effective magnetic moments for the rare-earth ions close
to that expected for free trivalent ions (Table I). The
values of ©, deduced from the above fit are reported in
Table I and compared with 6, values obtained for the
1:2:3 materials®? (inset, Fig. 9). From this similarity, and
analogous to the GdBa,;Cu307 - phase, one might expect
the Gd-doped Bi phase to display magnetic ordering at
low temperatures. The magnetic measurements were ex-
tended down to 1.7 K on several Gd samples processed
differently (i.e., at various annealing tempertures or
quenching rates). However, no evidence for magnetic or-
dering was observed.

For the Nd and Pr-doped samples, the fits of the
temperature-dependent susceptibility to a Curie-Weiss
law is poorer than those obtained with the other rare-earth
elements over the same range of temperature, as indicated
by the larger values of the root-mean-square deviation
given in Table I. This is due to the slight curvature of 1/y
curves observed for the Nd and Pr samples. Such a devia-
tion from a Curie-Weiss law may result from a crystal-
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FIG. 9. Magnetization of several members of the BisSr4sR>,CusO, series measured in a field of 10 kG over the range of temperature
1.7-400 K. The inverse susceptibility temperature dependence is shown. The left scale is for the Nd and Pr samples. The inset com-
pares the 6, values for the rare-earth doped RBa;Cu30, and BisSrsR,CusO, materials.
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TABLE 1. Lattice parameters for the BisSraR2Cu4O, series along with the oxygen content (as deter-
mined by chemical analysis). Also reported are the parameters obtained from a fit to a Curie-Weiss
law. Shown are the paramagnetic Curie temperature (8,), the effective magnetic moment per M atom
(uer), and the root-mean-square deviation (rms deviation o) from the Curie-Weiss law, in precent.
Magnetic measurements were collected at a field of 10 kG and the Curie-Weiss fit was performed over
the temperature range 50-400 K. The letters vV refer to a van Vleck ion and the (*) indicate that the
measurements have not been performed because of material problems.

a c Vv (SH Heft Heff Culil
R R) (A) (A% (K) (theory) (expt) c (per unit cell)
La 3.8754 30.592 459.4 * * * * *
Pr 3.8773 30.366 456.5 16 3.55 2.96 0.03 0.23
Nd 3.8723 30.287 454.2 30 3.55 2.97 0.04 0.15
Sm 3.8673 30.296 453.1 vV vV vV vV 0.20
Eu 3.8630 30.138 449.7 vV vV vV vV 0.15
Gd 3.8550 30.248 449.2 2 7.94 7.84 0.003 0.30
Dy 2.8527 30.162 447.7 8 10.65 10.23 0.003 0.25
Y 3.8530 30.152 447.6 * 0 0.5/Cu * 0.22
Tb 3.8496 30.232 448.0 13 7.59 7.66 0.002 *
Ho 3.8432 30.025 443.5 13 10.61 10.23 0.002 0.22
Er 3.8412 30.156 4449 14 9.58 9.39 0.001 0.24
Tm 3.8241 30.173 441.2 32 7.56 7.66 0.002 0.26
Yb 3.8496 30.474 451.6 * * * * *
Lu 3.8116 30.316 440.4 * * * * *

field effect at the Nd or Pr site, large enough to lift the de-
generacy of the ground state.

Figure 10 displays the susceptibility temperature
dependence for both Eu- and Sm-doped Bi samples. Nei-
ther follows a Curie-Weiss law as observed for the Gd-
doped Bi sample. For the Eu phase the susceptibility in-
creases slightly with decreasing temperature, levels off
around 100 K, and increases in a Curie-Weiss manner for
temperatures below 50 K. The low-temperature part,
most likely due to magnetic impurities, can be corrected
as follows: Below 50 K the data were fitted to a Curie-
Weiss law so that Cg and ©, can be defined. Then over
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FIG. 10. Magnetic susceptibility, measured in 10 kG, as a
function of temperature for BisSrsR>CusO, compounds with
R =Sm and Eu. The observed magnetic susceptibility (open cir-
cles) are shown for both phases. The full circle shows the sus-
ceptibility for Eu when the Curie contribution has been sub-
tracted out. The solid lines are those expected for free Eu3*
(J=0) and Sm>* (J = %) van Vleck ions.

the temperature-range investigated, we assumed C; and
©, to remain constant and we plotted y =y, — C/(T+06,)
to produce the solid curve in Fig. 10. The corrected sus-
ceptibility temperature dependence for the Eu-doped Bi
sample is similar to that calculated for the van Vleck ion
Eu™3 (J=0), assuming an energy separation of 420 K be-
tween the ground state and the first excited state. For the
Sm-doped sample the susceptibility temperature depen-
dence does not change in a Curie-Weiss manner, but it is
in fair agreement with that expected for the van Vleck ion

m*3 (J=3%) assuming 550 K as separation between the
ground state and the first excited state. Thus, magnetic
data unambiguously indicate that Eu and Sm are trivalent
as already suggested from our x-ray results.

B. Substitution of Sr by R

Samples of general formula BisSr3—,La,Ca3CusO6+),
were prepared at 840°C. The x-ray powder-diffraction
patterns of the resulting materials indicate that they are
multiphase, containing Bragg peaks reminiscent of the
n=1 Bi-phase and peaks of an unknown phase. The
Bragg peaks of the n =1 phase, compared to those of the
unknown phase, increased their intensity with x and were
not exactly located at the same positions as those of the
pure Bi,Sr,CuO, phase, suggesting that La may also sub-
stitute for Sr in the Bi,Sr,CuO,, (2:2:0:1) phase. We thus
attempted to prepare the Bi;RCaCuO, series and suc-
ceeded in making single-phase material with R =La, Pr,
and Nd at temperatures ranging from 840 to 890°C, in
agreement with a previous report by J. Darriet et al. >
with R=La. With Sm, the samples were always multi-
phase, with, however, the n =1 phase as the major phase.
For the heaviest rare-earth elements, the Bi,RCaCuOs+),
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TABLE II. The crystal data along with the oxygen content
determined by TGA measurements is reported for the Bi,R-
CaCuOy and the Bi>Sr2Cui-xM,0, (M =Co,Fe). The (*) in-
dicates that measurements were not performed.

Bi;RCaCuO,
R A=A Cc=A v=A3 Oxygen content (y)
Y 5.382 24.51 710.2 6.15
La 5.4068  23.77 695.0 6.6
Pr 5.406 23.65 691.4 6.65
Nd 5.397 23.67 689.5 6.55
Sm 5.383 23.66 685.8 *
Eu to Lu Phase does not form *
BizSr2Cu; —x MO,
M =Co
x=0.5 5.401 24.15 705.4 6.26
x=1 5.445 23.55 698.5 6.53
M =Fe
x=0.5 5.420 23.92 703.11 6.27
x=1 Multiphase *

phase did not form. The temperature range at which the
phase forms is very narrow, so that annealing tempera-
tures differed from sample to sample, again with the
highest temperature (i.e., 920°C) for the lightest rare
earth. The crystal data are summarized in Table II. As
usually observed, the unit-cell volume increases with in-
creasing ionic radius of the rare earth.

The replacement of two divalent Sr ions by one divalent
Ca and one trivalent R modifies the charge balance so that
upon substitution, additional oxygen is needed for the
structure. Analysis of the resulting material for oxygen
either by TGA measurements (Fig. 6), or by chemical ti-
tration indeed indicates that upon substitution the oxygen
content rises from 6 to 6.5 so that for each added R half
an oxygen atom is again added to the structure. Resistivi-
ty measurements have shown that the fully substituted
compounds are semiconducting even though they contain
a small amount of Culll, as determined by chemical
analysis.

Within the Bi,Sr,CuO, phase, two Sr atoms can be re-
placed by one Ca and one R ion, both of smaller ionic ra-
dius than Sr. It might be coincidental but it is exactly
when the ionic radius of the rare earth becomes equal to
that of Ca or smaller that the phase cannot be formed,
stressing again the importance of the steric factors.

C. Substitution within the CuO; planes

Our attempts to prepare a pure 85-K phase with Cu
substituted or partially substituted by M =Fe, Co, Al, Ni
failed, independent of annealing time and temperature,
cooling rates and starting composition (4:4:2:4 or 4:3:3:4).
With Al, Ni, and Zn, the (2:2:0:1) phase was present as a
trace. A general remark is that no changes in the position

- of the Bragg peaks of the 85-K phase was observed, sug-
gesting that the substitution of Cu by 3d metals and Al
does not occur in these materials in contrast to the 40- or

90-K phases. However, in the case of Fe and Co substitu-
tions only, the x-ray pattern contained an increasing
amount of the “Bi,Sr,CuO,” peaks with increasing cation
substitution. Those Bragg peaks corresponding to the
n=1 phase were shifted with respect to those of pure
Bi,Sr>,CuOg, suggesting the ability to substitute Cu by Co
or Fe within this phase. We indeed succeeded in prepar-
ing compounds of general formula Bi,Sr,Cu;-.M,0,
with M =Fe up to 0.5 and Co up to x =1, while we failed
with Zn, Al, and Ni.

The crystal data together with the copper valence and
oxygen content (as determined chemically and by TGA)
are reported in Table II. The unsubstituted 2:2:0:1 is me-
tallic and superconducts at 10 K. The replacement of Cu
by Co or Fe induces an uptake of oxygen atoms (0.5 atom
for each added Co) suggesting that the valence state of Co
is +3. In order to determine the oxidation state of Co in
this compound, XPS measurements were also performed.
From the position of the Co 2ps;, peak located at 781.0
eV it was shown that Co is mostly in the +3 state. The
presence of a satellite at 787.1 eV can be ascribed to the
high-spin configuration as observed in other Co oxides.
Similar measurements with the Co-doped 90-K phase
were not possible because of the overlapping of peaks re-
lated to Ba and Co.

The magnetic behavior for these Fe-or Co-doped ma-
terials is shown in Fig. 11. A prominent feature is the
presence of an antiferromagnetic ordering at 140 K for
the fully Co-doped sample (Fig. 11). By lowering the co-
balt concentration to x =0.5, evidence for antiferromag-
netic ordering vanishes. No cusp is observed anymore in
the y vs T curve at low temperture but only a trend of the
susceptibility to saturate. The fit to a Curie-Weiss law of
the high-temperature part of the curve (T > 200 K) gave
the parameters ©,=+3 K, pus=3.7up per Co atom.
This magnetic moment is of the same order as that ob-
tained for Co when substituted for Cu in the
YBa,;Cu;3 -, Co,O7 phase (3.5u5 per Co) and for which it
has been shown that Co is trivalent. This is consistent
with the XPS interpretation. For the iron sample of inter-
mediate composition (Bi,SryCug sFe 5Os.25), we also ob-
serve a leveling off of the susceptibility at low tempera-
ture, same as for the Cogs doped sample, but no satisfac-
tory Curie-Weiss fit could be obtained at higher tempera-
ture. The relationship between structural, magnetic, and
electrical properties for these samples will be described
elsewhere.

At this point an interesting comparison can be made
with the 90-K system for which it has been shown that Cu
can be substituted by 3d metals, with the trivalent ones
(Co, Al and Fe) going onto the chains (where they end up
octahedrally coordinated) and the divalent ones replacing
Cu within the planes. But the divalent ions cannot be sub-
stituted for Cu in the 2:2:0:1 Bi phase whereas Co and Fe
can. The main reason for the inability to substitute Cu
and Fe for Cu within the 4:4:2:4 phase, while this substi-
tution succeeds in the 2:2:0:1 phase may arise from the
fact that Cu is fivefold coordinated in the first one while it
is sixfold coordinated in the second one. This is consistent
with our previous findings on the 90-K material that Co
was not going on the CuO; planes (Cu fivefold coordinat-
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FIG. 11. The obseived susceptibility temperature dependence is shown for members of the Bi;SroCu;-,M;O, series. - When
M =Co, the data are shown for the compositions x =0.5 and 1 and for when M =Fe for x =0.5. The inset shows the effect of the ap-

plied magnetic field on the magnetic transition.

ed) but on the chains dragging extra oxygen atoms to be-
come sixfold coordinated. However, following the same
line of reasoning, the Cu coordination within the CuO,
plane of the Y-based superconductor is similar to the 85-
K Bi-based oxide and one should expect the Ni substitu-
tion to work for the Bi phase, contrary to what we observe
experimentally.

III. DISCUSSION

A. 4:4:2:4 composition

Some doubts still persisted about the ideal structural
4:4:2:4 composition deduced from single-crystal x-ray
studies on the 85-K Bi-phase (n=2) since, for instance,
the existence of a solid solution implies that some of the
Ca ions occupy the Sr sites (denoted as S'). A recent syn-
thesis and crystal-structure study of the Cag3sSrg 5CuO,
also indicates that Sr in a small amount, may also occupy
the Csites.3* Thus, we have the possibility of Sr substitu-
tion on the C sites and vice versa. The study of the
BisSr3Cas—x R,Cu4Oj6+, system has shown that Ca can
be substituted by Tm whereas Sr cannot be substituted at
all by a R [or (Ca+ R)/2 as for the 2:2:0:1 phasel. More-
over the maximum substitution for calcium is x =2 which
is the number of C sites. This cationic substitution sup-
ports the ideal structural composition BisS4C2Cu4Oi6
with the majority of the C sites occupied by Ca, while the
S site can actually be a mixture of Sr and Ca.

B. Oxygen stoichiometry

The substitution of Ca by a R within the BisSrs-
Caz——xRxCU4016+y/2+y system theoretically induces the
uptake of half an oxygen atom per substituted Ca if the
Cu valence is assumed to be constant. This is true when

the amount of the substitution is less than x =1. Beyond
this value, the oxygen uptake does not follow the substitu-
tion. This is accommodated by a decrease in the formal
Cu valence and a vanishing of the superconducting prop-
erties. The location of the extra oxygen in the structure
remains the key question. By analogy to the YBa;Cu304
phase, it is unlikely that oxygen goes within the R planes.
However, within the 85-K Bi structure, due to the quite
long spacing between the Bi-O layers, there are sites that
can geometrically accommodate as many as two extra ox-
ygen atoms per formula unit.® There is also the possibility
of the existence of BiO| +, layers (i.e., extra oxygen atoms
within the layers). Single-crystal x-ray studies and more
importantly, neutron-diffraction measurements, should
succeed in locating within the structure the 1.5 extra oxy-
gen atoms per formula unit in the R-doped materials.

C. Modulation

HREM studies have shown that the incommensurate
modulation of the structure is still present in the Tm-
substituted samples. The propagation vector is slightly
smaller (4.3b) than in the undoped material (4.7b).
Since the oxygen stoichiometry differs by 1 between these
two samples, the presence of this modulation in both sam-
ples indicates that the modulation does not correlate
strongly with oxygen defects. This confirms previous work
associating the modulation with Bi atoms moving within
and out of their planes.?%?” As shown by Gao eral.,?’
every 4.7 (i.e., ~5) cell unit there are 2 Bi atoms moving
closer together so that the spacing between the Bi layers is
not uniform but modulated with narrowed and enlarged
sections (i.e., pockets, see Fig. 2 of Ref.'27). By adding
extra oxygen atoms in these vacant sites between the Bi
planes one forms ‘“Aurevellius-type” phase blocks which
coexist with the NaCl-type blocks of these Bi-O layers.
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The formation of an Aurevellius block (i.e., short Bi-O
bonds) might imply the formation of Bi>*. But within the
enlargement zones created by the modulation, Bi-O bonds
of reasonable length can be formed so that they are con-
sistent with Bi remaining +3. This is consistent with
XPS studies on the Er substituted (x =2) phase that does
not show any Bi®*,

Since the modulation repeats approximately every 5 Bi
atoms, enlarging 3 Bi-O bonds, only % to % (roughly) of
the two sites (i.e., 0.8 to 1.2 site per 4:4:2:4 formula unit)
available per unit cell will accommodate an extra oxygen.
This may explain why at low substitutions each rare-earth
element may drag in half an extra oxygen while the oxy-
gen uptake slows down at higher substitutions.

A similar modulation exists for the 2:2:0:1 phase. Sub-
stitutions in this compound have shown that only one La
(and 0.5 oxygen atoms) can be inserted. Attempts to in-
troduce 2 La (and 1 oxygen atom) fails. Since La has an
ionic radius similar to Sr, steric factors cannot account for
such a failure. Similar to the 2:2:2:3 phase the replace-
ment of Ca by R will also introduce one oxygen. In both
cases the rare-earth substitution will require the uptake of
one oxygen but the structure can only accommodate 0.5.
Thus, the compound does not form. This interpretation is
at least consistent with the experimental observations.

D. Cu valence

Similar to the La;—,Sr,CuQ4 system and other sys-
tems, we find that changes in 7, are correlated to changes
in Culll (i.e., hole concentration). However, in the nonsu-
perconducting regime there is still some Culll. The
Bi;RCaCuOQg phases reported herein contain around 0.1
Culll per formula unit. However, they are semiconduct-
ing. This indicates that just the presence of Culll does not
systematically imply superconducting behavior.

An interesting comparison can be made with the
Y:-xR,BayCu30O, system where upon increasing the
rare-earth content (x), 7. does not change. In both
phases the rare-earth atoms occupy identical sites, but the
main difference resides in the fact that for the Bi phase
the addition of extra oxygen is required to keep the Cu-
valence constant. These substitutions do not affect 7, as
long as the Cu valence remains constant. Beyond a limit,
where oxygen uptake is insufficient to compensate, the
rare-earth substitution leads to a change in the number of
holes while for the 90-K phase the amount of oxygen (.e.,
the number of holes or Culll) does remain constant
through the range of substitution. This is further indica-
tion that among these cuprate oxides, the T.’s are ex-
tremely sensitive to chemical substitutions affecting the
hole concentration. Similar to the rare-earth-doped 90-K
series, we find for the rare-earth-Bi phases that 7, is in-
dependent of whether the substituted rare-earth element
is magnetic or nonmagnetic.

E. Magnetic properties

We succeeded in synthesizing a semiconducting parent
compound of the 85-K Bi phase. Thus analogous to the
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40- or 90-K phase one would expect these materials to
show evidence for antiferromagnetic ordering associated
with the Cu ions. But, the detection of this ordering by
magnetic measurements might be hindered by the large
magnetic moments of the rare-earth elements, with the
exception of Eu and Sm samples, for which the suscepti-
bility is small (La and Lu were excluded because the sam-
ples were multiphase). However, neither the Eu nor Sm
sample shows detectable anomalies in the susceptibility up
to 400 K, indicating that there is no long-range magnetic
ordering transition in these compounds over this temper-
ture range. Neutron experiments have been done on the
BisSr4Y,Cu40, sample and no magnetic reflections corre-
sponding to magnetic ordering have been detected.?> This
result agrees with our magnetic data, but is in contrast
with muon-spin-resonance studies3® which show the ex-
istence of magnetism in semiconducting Bi4SrsY,Cu40,
compound for temperatures lower than 300 K. It is also
worthwhile to mention that by muon-spin resonance, the
coexistence of magnetism and superconductivity has been
found within the Co-doped YBa;Cu;-,Co,0, series
(0 <x <0.2),% but neutron-diffraction studies failed to
confirm this point.?” Muon-spin resonance is sensitive to
local magnetic interactions whereas neutrons are sensitive
to long-range magnetic order. Thus sample inhomo-
geneities might be the origin of these observed differences.
Thus the existence of antiferromagnetism within the semi-
conducting parent Bi,Sr,RCu,0, phase still remains an
important dilemma.

IV. SUMMARY

We have shown that the cationic substitution within the
Bi system has led to new compounds such as
Bi4SI‘4R2CU40y, BizRCaCuOy, or BiZSrZCul ——xMxOy.
From structural and physical property studies we present-
ed evidence that the 4:4:2:4 phase is indeed the structural
composition of the 85-K Bi phase and showed that its
structural modulation is not related to the oxygen content.
We found that the superconducting properties of the sub-
stituted 85-K material are independent of the dopant
whether it is magnetic or nonmagnetic, but these proper-
ties are strongly affected by changes in the hole concentra-
tion induced by the amount of doping. Like the Cu-O
chains for the 90-K material, the double Bi-O layer acts
as oxygen reservoirs for the Bi phases. Any modification
of this double Bi layer (through uptake of oxygen) affects
the hole concentration and thereby drastically affects 7.
There are still unanswered questions, such as whether an-
tiferromagnetism exists at temperatures higher than 400
K for the semiconducting BisSr4R,CusO, phase and
where the extra oxygens are located in the structure
(within or without the BiO layers). Further work present-
ly in progress should answer these questions.
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FIG. 3. High resolution electron microscopy image (a) in the
[010] zone axis showing the Bi layers and the prominent Tm
layers (arrowed). (b) In the [100] zone axis showing the modu-
lated structure similar to that in undoped BisSrsCa;CusO,4 sam-
ples. Inset shows the [100] selected area diffraction pattern.



