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A new bismuth based cuprate has been synthesized with composition Bi ;Sr;Ba;Cu,0,; 5. It crystallizes
in a monoclinic cell with @ = 20.121 (5) A, b = 5.509 (1) A, ¢ = 25.736 (10) A, 8 = 111°08 (2), and
the possible space groups are A,, 4, and Ay,,. A high resolution electron microscopy study showed
that its structure results in a periodic rupture of infinite layers similar to those observed in the **2201""
modulated superconducting oxide; it involves a sharing mechanism along ¢ forming 2201-type ribbons
seven polyhedra wide. A new family of oxides, the *‘collapsed’ 2201-type bismuth cuprates, is
described, (Bi;A,CuQy),_» (Biy, ACus_ O, 00, this oxide being the # = 7 member. The existence
of defective member #' = 6 has been shown, which sometimes results in regular local intergrowth
16/7). The close structural relationships with the 2201 modulated phase is illustrated by the easy

junction between the two structures. No superconducting behavior has been detected.

Press, Inc.

Introduction

After the discovery of superconductivity
in the system Bi-Sr-Cu-0 (/}, an extensive
work was devoted all over the world to the
bismuth based cuprates. The ideal structure
of the corresponding phase (Fig. 1a), Bi,Sr,
CuQyg, 5, has never been observed so far: it
was indeed shown that the XRD and ED
patterns (2—8) of this oxide exhibit incom-
mensurate satellites. The recent resolution
of the structure of this cuprate from a single
crystal (9) has confirmed that it derives from
the ideatized structure by a modulated dis-
tribution of the different cations, coupled
with incommensurate displacements. Thus
the actual monoclinic modulated structure
of Bi,Sr,Culy, 5 (Fig. 1h) consists of undu-
lated bismuth and strontium distorted rock
salt layers stacked with single octahedral
copper layers.

In fact the Bi~Sr—Cu-O system is charac-
terized by a very complicated crystal chem-
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istry in which the ideal structure ‘‘Bi,Sr,.
CuQ,” is the starting point for the
generation of numerous closely related ox-
ides as well from the chemical as from the
structural view point. Besides this cuprate,
a second oxide, called the 2201-collapsed
monoclinic phase, was synthesized (10, 11},
to which the composition Bi;;Sr;4Cu;Oyg_,
was attributed. The structural model of this
phase (10) is deduced from the 2201-ideal
structure (Fig. la) by a periodic rupture of
the infinite layers; i.e., by a sharing mecha-
nism along ¢, forming 2201-type ribbons
eight copper octahedra wide, shifted with
respect to each other along ¢ (Fig. 2). The
third structural type applies to the ortho-
rhombic tubular copper oxides, with general
formulation (Bi,, Sr,_ CuQy), ([2-15),
which form a large family with s ranging
from 4 to 7 (I4). The structure of these
phases (Fig. 3) can be described from the
intergrowth of ideal 2201-type ribbons
which are n copper octahedra wide with sin-
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F1G. 1. 1dealized drawing of (a) the ideal 2201-type structure and (b) the modulated 2201 structure,

gle oxvgen deficient copper layers which are
orthogonal to the 2201 initial layers; as a
result large channels are formed where
“Bi—O" ribbons are located. A fourth struc-
ture, with approximate composition Biy;
SryysCuy3;0s5; was recently characterized
(16), called monoclinic 2201 tubu-
lar phase, whose structure (Fig. 4) corres-
ponds to a translation of one bismuth layer
with respect to the next one. Regular in-
tergrowths of such monoclinic tubular rib-
bons with tubular orthorhombic ribbons
were locally observed by HREM, The very
close relationships between these structures

FiG. 2. ldealized drawing of the 2201-*'collapsed”
phase.

cause numerous extended defects to be ob-
served by HREM (/5).

The complete substitution of barium for
strontium in the 2201-type oxide Bi,Ba,_,
La,CuOq, ;s was recently achieved (17) with
a modulated structure whereas the lead sub-
stituted oxides Bi, Pb,BalaCuO,_; (I8)
showed the coexistence of two 2201-type

A
'

F1G. 3. Idealized drawing of the n = 7 member of
the orthorhombic tubular phase.
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FiG. 4. Idealized drawing of the member n = 7 of
the monoclinic tubular phase.

phases, modulated and nonmodulated, re-
spectively. This paper deals with the synthe-
sis and structural characterization of an
original phase, Bi, Sr;Ba;Cu;_ Oy,
{x ~ 1), seventh member of a new series
of cuprates (Bi;A,CuOy), _»(Biy, A,
Cu,_,0,,.,»), related to the monoclinic
2201-collapsed phase, with A = Ba, Sr.

Experimental

Samples were prepared according to the
general formulation Bi,, ., Bay,  Sr.Cu,_,
with n = 7, y varying between 0 and 14 and
x between 0 and 2. The starting materials
were Bi,0,, CuQ, SrC0O,, and Ba(OH),,
8H,0. The mixtures were intimately
ground, pressed in the form of pellets, and
heated at 750°C for 24 hr in a nitrogen flow.
After this thermal trcatment, the pellets
were ground, repelletized, and heated again
for 24 hr under the same conditions. The
X-ray powder diffraction patterns were reg-
istered with a Seifert vertical goniometer
equipped with a primary monochromator to
select the CuKe, radiation. Data were col-
lected in the range 10 = 268 = % by step
scanning with increment of 0.02° (26). Lat-
tice constants were determined by a classi-
cal least squares refinement program.

The electron microscopy study was car-

291

ried out using a JEOL 200 CX electron mi-
croscope, operating at 200 kV and fitted with
a side entry goniometer (+60°). The high
resolution electron microscopy study was
performed using a TOPCON 2B electron mi-
Croscope.

Results

The powder X-ray diffraction patterns
show that a single phase is obtained for
x ~ 1 and for y ~ 5-7. Nevertheless the
limits cannot be determined with accuracy
owing to the formation of traces of BaCQ,
and of 2201-type phase. Owing to the great
complexity of the X-ray patterns (Fig. 5),
an clectron diffraction investigation was
systematically carried out. The grains are
well crystallized and exhibit a mica-like
morphology; this is a classical feature of the
bismuth-rich oxides with a 220]1-related
structure.

The reconstruction of the reciprocal
space, performed on numerous crystals,
gives evidence of a monoclinic cell with
the parameters

a = %xazzml‘COS(B-goo)
b~ ap\/i ~ Qg

¢~ 26 A ~ g

g~ 111°,

where a,, is the parameter of the ideal cubic
perovskite cell and ayg and ¢y, are the
parameters of the ideal tetragonal cell of
2201 structure (Fig. 1a). The conditions of
existence of the reflections are hki -k + I =
2n involving the possible space groups
Asps Ay, and A,

The cell parameters were then refined
from the X-ray powder diffraction pat-
terns, with

a = 20.121(5) A; b = 5.509 (1) A;
c = 25736 (10} A; 8 = 111°08(2).

The [001] and [010] electron diffraction
patterns are shown in Figs. 6a and b. On the
{001] pattern (Fig. 6a), the strong reflactions
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Fig. 5. Powder X ray diffraction pattern
Bi,sSrg sBa; sCu,O, 5. with Miller indices,

are characteristic of the F-type 2201 cell.
Along the A axis, extra spots are observed,
leading to a **7 x ap\fo’Z” superstructure.
From comparison with the other [001] E.D.
patterns of the different phases of the
Bi-Sr-Cu-0 system, such a pattern can be
considered as representative of a ‘‘col-
lapsed’” 2201-type structure. However, the
periodicity along a is different from that de-
scribed by Takano and co-workers (10) for
the pure strontium collapsed phase (a ~ 4
ap\/z). In the 220l-collapsed monoclinic
phase, Bi;SrCu,04_,, the “*4 X ap\/_”
superstructure is the result of the presence
of eight-octahedra-wide 22001 ribbons
shifted with respect to each other along ¢
(Fig. 2); consequently in our Ba/Sr phase
similar ribbons shifted along ¢ can be pro-
posed but with a periodicity of seven octahe-
dra instead of eight (Fig. 7). The [010] lattice
image (Fig. 8) is in agreement with this hy-

40 50
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45 35

(CuKe; radiation) for the nominal composition

pothesis, since it gives evidence of stag-
gered slices, about 19 A wide, translated
along ¢ of about 5 A with respect to each
other. Note also the existence of stacking
defects corresponding to variations of the
width of 2201-type ribbons (arrows in Fig.
8). Such defects result in small variations of
the periodicity along A and the existence of
weak streaks along A in the E.D. patterns
(Fig. 6). The latter defects are discussed
later.

HREM Study: A Structural Model for the
Oxide Biy,., Sr;Ba;Cu;_ O .p

Twa [010] HREM images are given in Fig,
9. The contrast resulting from the nature of
the layer stacking along ¢ can be compared
with those obtained for the superconductive
2201 oxides (19) since if shows clearly the
existence of the following sequence: [(Ba,
SrHOI-{BiO]-[BiO]-[(Ba, Sr)O)-{CuO,]. It
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F1G. 6. (2) [001] and (b) [010] E.D. patterns of BijsBa; ;8r; sCusOx 5. (¢) when the number of defect
is high, a small variation of the periodicity is observed along A, leading to reflections in incommensu-

rate positions.

differs by the absence of modulation and the
clear translation of a 2201 type slice, seven
octahedra width, along the ¢ axis. However,
the existence of defects is observed for most
of the crystals. The absence of data about
atomic coordinates from XRD does not
allow calculations of the theoretical images,
However the close relationships with the
2201-modulated structure allow the simu-
lated image of the latter to be used for our
interpretation, taking also into consider-
ation the model proposed by Takano and

co-workers (18) for Bi;SrCu,04 .. In-
deed the examination of the two enlarged
HREM images with different focus values
shows that the bismuth positions are corre-
Iated with the segments of seven darkest
dots in Fig. 9a, and with those of seven
bright spots in Fig. 9b. Consequently the
“Ba, Sr”’ positions are correlated with seg-
ments of intermediate intensity in both im-
ages whereas copper positions are not visi-
ble on Fig. 9a, and are correlated with the
darkest segments on Fig. 9b. From these
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F1G. 7. Hypothetical structure of a member n = 7 of the “‘collapsed’’ phase.

.'

FiG. 8. [010] lattice image giving evidence of staggered slices.
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enlarged HREM images the following com-
ments can be made:

(i) The formation of 2201-type blocks,
seven polyhedra wide, is evident in the
thicker part of the crystals. But the im-
portant difference from the Bi;51,,Cu;0y_,
oxide comes from the examination of the
thin edge of the crystal which shows (Fig.
Sb) that the cationic segments are not
abruptly interrupted but form in fact
strongly undulating layers in which cationic
segments of different nature are connected,

(ii) One observes that a segment of “*Bi™
rows (dark and bright spots in Fig. 9a and
9b, respectively) is connected to a segment
of ““(Ba, Sr)” rows of one side (less dark
spots in Fig. 92} and to a segment of Cu
rows (darkest spots in Fig. 9b) on the other
side. In the same way a segment of *‘Ba Sr”’
rows is connected on one side to an other
segment Ba(Sr) rows and on the other side
to a segment of “*Bi”" rows.

(iii) At the junction between two segments
forming the undulating layers parallel to
(001) (Fig. 9), the cations are strongly dis-
placed. The interruption between two 2201-
type ribbons along a is not abrupt, but sug-
gests parallel exchanges between cations at
the junction; i.e., local substitutions be-
tween Bi, Ba(Sr), and Cu.

As a result, a schematic drawing deduced
from these images and corresponding to the
different Bi, Ba/Sr, and Cu ribbons can be
proposed (Fig. 9¢); it shows the existence
of slices of 2201 type which are seven Bi
{or Cu or Ba/Sr) polyhedra wide (instead of
eight for Bij;Sr,,Cu,04,,) and is in
agreement with the idealized model pro-
posed in Fig. 7. The [001] images {Fig. 1()
do not allow any additional information
about the distribution of the cations to be
obtained owing to the fact that ions of differ-
ent nature are superposed along e. Never-
theless they show that two layers (double
white lines) are involved at the junction be-
tween the two 2201-ribbons.

The EDS semiquantitative analysis, per-
formed on about 50 crystals, leads to the
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composition “*Bi;s ,(Ba,Sr); ;Cus 50,7,
with a Ba/Sr ratio slightly larger than 1. This
analysis strongly supports the above model
since it is indeed close to the theoretical
formula deduced from the 7 x ap\/§/2”
superstructure, i.e., (Bi;SrBaCuOq, g)q; it
only shows an excess bismuth with respect
to copper, which is compatible with the
HREM observations and can be explained
by the junctions between the 220%-type
ribbons.

It is in fact difficult to deduce the nature
of the cations and of their environment from
the HREM images. However, it seems that
there does not exist a layer with a different
structure at the boundary between two 2201-
type ribbons, in contrast to the tubular
phase; morcover, the contrast suggests that
Bi, Sr, or Ba occupy preferentially the junc-
tion zone rather than copper, in agreement
with the copper deficiency with respect to
the formula Bi,A,CuQOy, ;.

Thus, the structure of this cuprate ap-
pears as intermediate between the modu-
lated 2201-type structure (Fig. 1b) and that
of the nonmodulated phase Bi,;Sr,,Cu;Oy_,
(Fig. 2). The presence of barium, much
larger than strontium, may be at the origin
of the undulation of the layers which is in-
duced by the stereoactivity of the 6s5* lone
pair of Bi(IlI}, leading to an oval shape of
two adjacent (Bi0O), segments (Fig. 9c).
From this structural study a general formu-
lation (Bi, A,CuOg), _+(Bi,, , ALy Oy )
¢an be proposed for a new series of cuprates
in which n corresponds to the number of
polyhedra, which dictates the ¢ parameter,
and A is Ba or Sr (a small excess bismuth on
the latter sites is also possible). The different
members of this series should be built of
2201-type ribbons, which consists of rib-
bons of (# — 2) CuQ; octahedra, connected
at each junction by two distorted polyhedra
in which the cationic distribution can be
modified, i.¢., Cu ¢can be partly replaced by
bismuth. In such structures, the connection
between (BiO) and (SrO) layers will not in-
volve any particular distortion owing to
their ability to form rock salt lavers,
whereas the extension of one (BiO) by one
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FiG. 10. Enlarged [001] image.

(Cu0Q,) layer is not obvious. The connection
of the two adjacent layers through BiO, pen-
tagonal bipyramids or CuQO; trigonal bipyra-
mids could be an explanation.

Thus, in this structural family, Bi
SrCuy0,_, represents the member n =
8, and Bi;(Ba, Sr);,Cu0,. 5 corresponds to
the n = 7 member, both with x = 1; the
values of the theoretical cell parameters of
the different members of this series can be
deduced from those of 2201-type structure
according to the following relations:

I

a = nd x 1/cos(f — 90°)

2
P2
b:ap‘\/isagzm

C = C2201 = ap (3.\/5 + 2)
and
tan(B-90°) = ﬁ‘;’;—*—z if 5 is even
and  tan(g-90°) = i}f—lifﬂ is odd.

Intergrowth Phenomena

The possibility of variation of the thick-
ness of the 2201-type ribbons suggests the

existence of intergrowth phenomena, char-
acterized by the existence of defective mem-
bers with n’ different from the n value which
characterizes the matrix. Indeed, as pre-
viously mentioned, rare are the crystals
where such phenomena are not observed.
The most frequent member observed as de-
fect, corresponds to n’ = 6 (see Fig. 8). In
some crystals, regular intergrowths of n =
7 and n' = 6 members arc observed along a
(Fig. 11); in that image, the [BiO], segments
appear as dark rows and the undulations of
the different layers, which form the struc-
ture, can be clearly seen as the interpenetra-
tion of the layers at the level of the junc-
tion. Such a regular member corresponds
to a n’ = 6.5 value whose ¢ parameter is
20 times a,y, to preserve the periodicity.
Intergrowth defects involving large 2201-
type ribbons are sometimes observed. An
example is shown in Fig. 12 where n” = 19
(arrowed); it can be noted that in this large
slice the structure is modulated. Note also
that these »n" = 19 modulated 2201-type
slices are connected longitudinally to n' =
6 and n = 7 nonmodulated collapsed layers
(left part of Fig. 12). In order to accomodate
the »' defects to the »" ones, the stacking
of the nonmodulated collapsed layers must

F1G. 9. Enlarged [010] HREM image: (a) the [BiO] layers appears as row of white dots and the
position of the cation is correlated to the white dots, (b) the positions of the bismuth atoms are
correlated to the darkest dots, (c) schematic drawing deduced from these images.
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Fi1G. 11. Regular intergrowth of #° = 6 and » = 7 members.

obey the relation #” = Zn’; such a condition
is obtained by the sequence ' = 6,6, 7. In
the same way, the modulated defective slice
n" = 16 (Fig. 13 left part) is prolonged (right
part) by an assemblage of three nonmodu-
lated collapsed layers n” = 5, §, 6. On this
image, it can be seen that at the level of

the connection, @n additional layer is locally
present to compensate for the shifting of
the coilapsed phase (curved arrow) (Fig.
[3b).

Longitudinal intergrowth, corresponding
to a variation of the thickness of the 2201-
type modulated ribbons along ¢ is some-

FiG. 12. [010] HREM image showing the coexistence of modulated phase (right part) with »” = 19

and the collapsed phase.
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FiG. 13. (a) [010] HREM image where an " = 16 slice (right part) is prolonged by three »' = 6,
5, 5 members of the collapsed phase. (b) An additional layer is locally present to compensate for the
shifting (curved arrow).

times observed. In this case, the junction » = 7 are locally replaced by n’ = 6 and
boundaries seem to undulate; an example is »#’ = 8 members; this can be easily under-
shown in Fig. 14 (marked by white trian- stood by a cation substitution at the level
gles). In such defects, regular members of the boundary.
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Conclusion

The new phase, synthesized for a compo-
sition close to Bi;sBa,Sr,Cu,0,, s, has been
characterized by electron microscopy. The
parameters were refined from the XRD data
in an A-centered monoclinic cell with ¢ =
20121 (S) A, b = 5.500 (1) A, ¢ = 25.736
(10) A, and 8 = 111°08 (2). From the high
resolution electron microscopy, the struc-
ture can be related to the “*22017-type in the
layer stacking and to the *‘Bi,,;Sr);Cu,0,"
type for the sharing mechanism along ¢
which involves the formation of 2201-type
ribbons, This original oxide can be de-
scribed as a member v = 7 of a structural
family  (Bi,A,Cu;0¢),_, (Bi,, ACu,__
O3, ). The existence of defective mem-
bers with »’ # n, the nominal composition,

Fi1G. 14, [010] image: the variation of the " members
involve undulating boundaries (marked by white tri-
angle).

HERVIEU ET AL,

is a frequent feature; domains of regular in-
tergrowth between n’ = 6 and n = 7 have
been observed leading to an #' = 6.5 com-
plex member. The close relationships with
the 2201 modulated superconducting phase
is illustrated through the coexistence of the
two structural types in the same crystal,
without strong distortions of the framework.
The absence of superconducting properties
can be compared to the behavior of Bij;Sr,q
Cu;04 _,, and correlated with the absence
of infinite [CuQ,]., layers. The investigation
of the other members of the “*collapsed”
family and of the nonstoichiometric mecha-
nisms setting up in these matrices can be
very beneficial for the understanding of the
parameters which govern the superconduct-
ing properties of the bismuth cuprates.
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