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We have found one amorphous and three crystalline phases in the Bi-Sr—Q system for Sr: Bi molar
ratios between 1.0 and 3.0, A first approximation for the structure of two of the crystalline phases was
obtained. They are based on the perovskite structure. One of the phases has the composition
SryBigOz4-,, which is cubic with space group Fm3m and cell parameter a = 8.476(2) A. It is obtained
only if the sample is slow cooled from temperatures above 600°C in an oxygen-containing atrosphere,
The second phase has the composition Sr¢Bi;O\,_,, which is tetragonal with space group f4/mmm, cell
parameters @ = 6.0058(3) and ¢ = 8.3718(5} A. This phase is obtained only if the sample is prepared in
an oxygen-containing amtosphere. We observe that oxidation of part of the bismuth atoms is necessary

to obtain the above-described phases.

1. Introduction

Oxygen deficiency plays an important
role in the superconducting properties of
the High-T. superconductors (/—4). In the
YBCO system the dependence of the sys-
tem properties on oxygen deficiency is very
well known (35), and the results of all au-
thors are consistent. That is not the case for
the BSCCO system, where different results
ar¢ reported for a given superconducting
phase (2). In that system, it is not ¢lear why
the effect of the oxygen deficiency in each
superconducting phase is different. In this
case the atoms that can change their va-
lence are bismuth and copper. Reports on
the 2201 and 2212 phases of the BSCCO
system show that the average valence of
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bismuth atoms is larger than 3.0 (6-8) and
that the transition temperature to the super-
conducting state and the valence of copper
atoms increase as this valence decreases.
This suggests that the oxygen concentra-
tion in the BSCCO system changes in the
local Bi-Sr-Q environment. It is well
known that in order to obtain superconduc-
tivity in the BSCCO 10 K phase, strontium
atoms must be partially substituted by bis-
muth atoms (9). These facts induced us to
investigate in detail the Bi—Sr-0 system
with emphasis on the role of the oxygen
deficiency in its crystalline structural prop-
erties. The phase diagram for this system
has been studied (/0). However, in the in-
terpretation of the results it was assumed
that all bismuth atoms have a valence of
3+, which is not correct for all cation molar
ratios, as will be evident from the present
work.
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2. Experimental

High-purity powders of Bi,O; and SrCO;
with the Sr:Bi molar ratios between 1.0
and 3.0 were well mixed in a mortar,
calcined in air at 800°C and sintered at
830°C for 24 hr in a desired atmosphere of
air, OXygen, or argon. Some samples were
quenched from the sintering temperature
into liquid nitrogen.

X-ray powder diffraction of the samples
was obtained in a Siemens D-5000 diffrac-
tometer with CuKq radiation and a second-
ary beam monochromator, The structure of
the phases present in the samples were de-
termined by similarity of their X-ray dif-
fractograms with those found in the Bag
Y;-.Cu, W40y, system (/]), and refined
by the Rietveld method with the WYRIET
verston 2 (12) and DBWS-8006PC (13) pro-
grams.
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Fic. 1. X-ray diffractograms of the SrsBi,.,

Sr,Bi0y-, system for 0 =< x = 2. The indexes forx =2
correspond to the space group Fm3m.
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F16. 2. Unit cell of the SrgBis0,4-, cubic phase with
space group Fm3m. It is constructed of ordered
perovskites with corner-shared BiQO; and Sr(; octahe-
dra in a proportion of three to one.

Thermogravimetric analysis of the sam-
ples was done in air and in argon from room
temperature to 1000°C and from there to
room temperature, with heating and cooling
rates of 10 degrees per minute.

Electrical resistivity of all samples was
measured at room temperature by the four-
probe technique.

3. Results and Discussion

Figure 1 shows X-ray diffractograms of
samples of the SryBiy_,Sr,BisO,y_, system
sintered at 830°C and slowly cooled in air,
with 0 = x = 2. For x = 0 the samples have
only the orthorhombic Bi;Sr;0s phase (14);
as x is increased the samples have a mixture
of two phases, the Bi,Sr,Os phase and a
new phase, which is obtained pure when
x = 2.0, that corresponds to the stoichiome-
try Sr;gBisOy4—,. In a first approximation
the crystalline structure of this new phase is
cubic with space group Fm3m. It is based
on the perovskite structure with corner-
shared BiO, and SrOg octahedra ordered
along the {100} directions (Fig. 2}, with a
proportion of three BiOg to one SrOg octa-
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Fi16. 3. Rietveld refinement plot of the SrgBigOy_, cubic phase, Rp = 0.098. Dots represent the
experimental X-ray diffractogram; continuous line represents the corresponding calculated data.

hedra. Figure 3 shows the corresponding
Rietveld refinement plot. We have obtained
an Rg value of only 0.098, which is indica-
tive that the proposed structure is only a
first approximation. Table I shows the cor-
responding refined parameter. It was not
possible to refine the isotropic thermal dis-
placements; their values were fixed at 0.0.
The refined cell parameter is 8.476(2) A
Figure 4 shows a thermogravimetric anal-
ysis curve of this phase. It shows that the
sample loses oxygen above 600°C, which
becomes stronger above 730°C. During the
cooling, the sample absorbs oxygen at

100.5

600°C. The distance between the maximum
in the warming curve (around 600°C) and
the minimum in the cooling curve {(around
700°C) corresponds to a weight loss of
1.9%. Assuming that the stoichiometry at
the maximum is Sr;gBigOs, with five bis-
muth atoms with valence 5+ and one with
valence 3+, which corresponds to the max-
imum allowed oxygen concentration in the
ordered perovskite structure, this weight
loss is equivalent to the loss of three oxy-
gen atoms per formula. If the sample is
quenched from a temperature above 830°C,
after it has lost oxygen, it shows also only
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Fi1c. 4. Thermogravimetric analysis curve in air of the Sr;oBiO;,_, cubic phase. The sample was
heated and cooled at a rate of 10 degree per minute.
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TABLE I

SrigBisOy-, PHASE: ATOMIC FRACTIONAL
CoORDINATES AND OCCUPATION NUMBERS

Atom Site x y z n

Bi(l) 4a 0.00 0.00 0.00 1.00
Bi(2) 4b 0.50 0.50 0.50 0.50
Sr(1) 8c 0.25 0.25 0.25 1.00
Sr(2) 4b 0.50 0.50 0.50 0.50
0 24e 0.176(4) 0.00 0.00 1.00

on¢ phase, but the crystalline structure of
this phase is no more cubic, it has a lower
symmetry. We have not determined its
structure. Figure 3B shows the correspond-
ing X-ray diffractogram. The same result is
obtained if the sample is prepared in an ar-
gon atmosphere. The cubic phase is ob-
tained only if the sample is cooled slowly in
an oxygen-containing atmosphere; accord-
ing to the thermogravimetric analysis, un-
der these conditions the sample absorbs ox-
vgen. From the above analysis we deduce
that in the cubic phase, five of the bismuth
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F1G. 5. X-ray diffractograms of the Sr;BicOs4_, cu-
bic phase, (A} after sintering at 830°C and slow cooling
in air; (B) after sintering at 830°C in air and quenched
from this temperature into liquid nitrogen.
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Fic. 6. X-ray diffractograms of the SrgBi_,

Sr.Bi,Oy-, system for 2 = x < 4,

atoms are oxidized to a valence of 5+. This
oxidation allows more oxygen atoms to be
incorporated into the crystalline structure.

Figure 6 shows the X-ray diffractograms
as the strontium concentration is increased.,
For 2 < x < 4 the samples are a mixture of
two phases, the cubic phase discussed
above and a new phase, which is related to
the cubic phase but with tetragonal symme-
try. For x = 4.0 the samples have only this
tetragonal phase, it has the stoichiometry
SrgBi>Oz—;. Results related to this phase
have been reported (/5). The crystalline
structure for the tetragonal phase was mod-
eled with an atom distribution with symme-
try given by the space group H/mmm with
the unit cell given in Fig. 7, which is de-
rived from the unit cell shown in Fig. 2. In
this tetragonal phase there is also an order-
ing of corner-shared BiOg and SrO; octahe-
dra along the {100} directions but the pro-
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F1G. 7. Unit cell of the Sr,Bi,O;_, tetragonal phase
with space group I4/mmm. This cell is derived from
the unit cell shown in Fig. 2. It corresponds to ordered
perovskites with corner-shared Bi() and SrQO; octahe-
dra in a proportion one to one.

portion of the two octahedra is one to one.
With this model we did a refinement of the
structure by the Rietveld method, the cor-
responding plot is shown in Fig. 8. The Rg
value is 0.069, which indicates that the te-
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TABLE 11

SreBi;;0,,_, PHASE: ATOMIC FRACTIONAL
COORDINATES AND OCCUPATION NUMBERS

Atom  Site x ¥ z n
Bi 2a  0.00 0.00 0.00 .00
Sr(1) 26 0.00 0.00 0.50 1.00
Sr(2) 44 050 0.00 0.25 1.00
o 4e 0.0 0.00 0.232(8) 1.00
0(2) 8h  0.227(6) 0.227(2} 0.00 0.875

tragonal structure is only a first approxima-
tion. Table II shows the corresponding re-
fined parameter. It was not possible to
refine the isotropic thermal displacements,
their values were fixed at 0.0. From the re-
finement we obtain the cell parameters a =
6.0058(3) and ¢ = 8.3718(5) A. It is impor-
tant to note that some weak reflections (in-
dicated with asterisks in Fig. 8) are not re-
produced with our model. They are
probably originated by a superstructure
similar to that found in the Ba,UQg system
(16, 17). Because the superstructure reflec-
tions are observed in the X-ray diffracto-
gram, and the atomic scattering factors of
strontium and bismuth atoms are quite dif-
ferent, the superstructure is determined by
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Fi1G. 8. Rietveld refinement plot of the SrBi;0:,-, tetragonal phase, Re = 0.069. Dots represent the
experimenta] X-ray diffractogram; continuous line represents the corresponding calculated data. As-
terisks indicate diffraction peaks that are not reproducible with our crystalline structure model. They

correspond probably to superstructure reflections.
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FiG. 9. X-ray diffractograms of the SrgBi;Oy,-, te-
tragonal phase, (A) after sintering at 830°C and slow
cooling in air; (B) after sintering at 830°C in air and
quenched from this temperature into liguid nitrogen.

an ordering of Sr and Bi atoms. In any case,
the larger unit cell must be a composition of
units similar to that shown in Fig. 7. When
a sample with only this phase is sintered in
air and quenched from the sintering temper-
ature of 830°C, we do not observe any
change in the crystalling structure, as is
shown in Fig. 9B. In order to understand
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this result, we did a thermogravimetric
analysis of these samples in air. From this
analysis we observe that the sample does
not lose weight, in contrast to the behavior
observed in the cubic phase. We have pre-
pared samples with the Sr: Bi molar ratio
3:1 in an argon atmosphere. Under these
conditions we do not a obtain the crystal-
line phase anymore, instead, we obtain an
amorphous phase, as is shown in the X-ray
diffractogram in Fig. 10. This result indi-
cates that the formation of the tetragonal
phase requires that the samples be prepared
in an oxygen-containing atmosphere. We
consider this proof that some of the bis-
muth atoms in the tetragonal phase are oxi-
dized to a valence of 5+. Contrary to the
behavior in the cubic phase, in the tetrago-
nal phase, the oxygen atoms are not de-
sorbed at high temperatures, at least at tem-
peratures lower than 1000°C.

All samples show insulator ¢lectrical be-
havior.

4, Conclusions

We have shown that in the Bi—Sr-O sys-
tem, for the Sr: Bi molar ratios between 1.0
and 3.0, there exist one amorphous and
three crystalline phases. Two of the crystal-
line phases have a crystalline structure
based on the perovskite, one with cubic
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F16. 10. Xray diffractogram of a sample with cation composition corresponding to the SryBi:0,_,
tetragonal phase, calcined at 800°C and sintered at 830°C in an argon atmosphere.
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symmetry and the other with tetragonal
symmetry. In order to obtain these struc-
tures part of the bismuth atoms must have
valence 5+, so that sufficient oxygen from
the swrrounding atmosphere will incorpo-
rate into the structure. Our results show
how the oxygen concentration varies in the
local Sr—Bi-O environment depending on
the Sr: Bi ratio. These results could help in
understanding the observed variation of the
bismuth average valence from 3.15+ to
lower values in the superconducting phases
of the BSCCO system (6, 8).
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