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Crystal structure of double-collapsed-phase Bi61xSr92xFe5O26
and its relation to modulated-phase Bi2Sr2CaCu2O81d
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A structural analysis of the double-collapsed-phase Bi61xSr92xFe5O26 is presented in light of the modulated-
phase Bi2.4Sr2.6Fe2O91d previously investigated@Y. Lepage, W. R. McKinnon, J. M. Tarascon, and P. Bar-
boux, Phys. Rev. B40, 6810~1989!; O. Pérez, H. Leligny, D. Grebille, J. M. Greneˆche, Ph. Labbe´, D. Groult,
and B. Raveau, Phys. Rev. B55, 1236~1997!#. The study was carried out on a single crystal, using synchrotron
radiation (l50.326 Å). The crystal is monoclinic with cell parametersa516.491(9) Å,b55.481(3) Å,
c530.086(16) Å,b591.39(2)°. Thereal structure of symmetryP21 /n appears as a small perturbation of
the ideal structure with higher symmetryB2/m. The undulating (001)m layers of the modulated (m) phase built
from one kind of cation~Bi, Sr, or Fe! are replaced by mixed layers. The waving of these layers is less regular
than in the modulated phase because interrupted layers are connected. One of the most interesting results
relates to the interrupted Bi layers: the isolated blocks composed of two adjacent infinite@010# ribbons, six Bi
atoms wide, are similar to the ordered part~condensed zones! of the Bi-2212 modulated phase. The Bi
disordered regions~diluted zones! are missing in the double-collapsed phase. An original octahedral coordi-
nation is implied for the Bi atoms located near the Fe atoms in the same undulated mixed layer. Disorder
phenomena have been observed in a complementary HREM study and appear as localized faults modifying
mainly the length of the Bi ribbons.@S0163-1829~97!01229-0#
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I. INTRODUCTION

Oxides belonging to the Bi-Sr-Ca-Cu-O system are w
known, both for their superconducting properties and th
structural characteristics. Up to now, an adequate rela
between the corresponding modulated structures and
physical properties has not been completely establish
partly because of the lack of an accurate description of
atomic locations and occupancies, and partly because o
possible existence of defects correlated to the modulation1,2

Various phases in the Bi-Sr-Cu-O, Bi-~Ba,Sr!-Cu-O, and
Bi-Sr-Fe-O systems are structurally very similar to phase
the Bi-Sr-Ca-Cu-O system. Indeed, commensurate or inc
mensurate modulations occur in these phases and they
very similar to those observed in the Bi-Sr-Ca-Cu-O syste
A new family of phases, the so-called ‘‘collapsed
phases,3–8 exists in these systems. The electron diffracti
patterns of modulated and collapsed phases show similar
tures where small bands of higher intensity reflections al
nate with larger bands of weaker intensity reflections.
structural study of the collapsed compounds is, thus, of
terest in understanding the details of the modulated pha
Moreover, HREM images of the collapsed structures h
often been interpreted with reference to the modulated st
tures.

In a preliminary model, slices of crystal are isolated in t
original modulated structure and sheared. According to
type of shearing mechanism~one shift or two orthogona
shifts! we refer to either collapsed or double-collaps
phases. This shear leads to mixed cationic layers or to bro
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layers instead of infinite homogeneous layers. Moreover,
sets of main and satellite reflections can be distinguishe
the electron diffraction pattern of the modulated compoun
In contrast, in the collapsed phases, it is no longer possibl
define two groups of reflections, and the pattern can be
dexed as a whole according to the three-dimensional per
icity.

Structural models were proposed as a result of HRE
studies for the following compounds: the collaps
phase Bi15Ba7Sr7Cu6O42.5 ~Ref. 3! and the three double
collapsed phases Bi6Ba4Cu2O15,4 Bi16Sr28Cu17O691d ,5 and
Bi13Ba2Sr25Fe13O66 ~Ref. 6! related to the 2201 Bi-Cu modu
lated phase, 2212 Bi-Cu, and 2201-0201 intergrow
Bi2Sr4Fe2O10 ~Ref. 7! modulated phases. Combining neutro
and x-ray powder diffraction data with HREM observation
a structural model was proposed for the Bi2Sr2CuO6 col-
lapsed phase.8

A single-crystal structural study was needed to impro
the understanding of these phases, to clarify the struct
similarities with the modulated phases, and to investigate
original features peculiar of the sheared zones.

II. EXPERIMENT

A. Synthesis

Single crystals were prepared starting from a mixture
Sr(NO3)2, Bi2O3, and Fe2O3. The powders were weighed i
the molar ratio Bi:1.33 Sr:2 Fe:1 and crushed in an ag
mortar. An alumina crucible containing 10 g of this mixtu
was heated in the same way as for the synthesis of
Bi2.4Sr2.6Fe2O91d compound.9
5662 © 1997 The American Physical Society
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56 5663CRYSTAL STRUCTURE OF DOUBLE-COLLAPSED-PHASE . . .
Single crystals grow as small dark needles along the@010#
direction with a diamond-shaped cross section. The qua
of numerous crystals was tested using a Weissenberg c
era. Two single monodomain crystals were selected fo
complete diffraction study.

B. Symmetry

The different tested samples showed similar diffract
patterns: small bands of higher intensity reflections altern
with large bands of weaker intensities~Fig. 1!. The electron
diffraction patterns and the Weissenberg camera ph
graphs are compatible with monoclinic symmetry. T
unit cell parameters,a516.491(9) Å, b55.481(3) Å,
c530.086(16) Å,b591.39(2)°, were refined by accurat
centering of 25 independent reflections on an Enraf-Non
CAD4 diffractometer. The crystals are also characterized
a distinct pseudo-translational symmetry. In fact two sets
reflections are observed: a set of very strong reflections w

FIG. 1. Electron diffraction pattern of the Bi61xSr92xFe5O26

compound~zone axis@010#!.
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h1 l 52n, and a set of much weaker reflections wi
h1 l 52n11. This suggests a pseudoB-centered lattice, al-
though the actual lattice is obviously primitive.

To reduce the correlations between the positio
parameters10 during the refinement, a setting leading to ab
value close top/2 was chosen. This choice implies the no
standardP21 /n space group consistent with the reflectio
conditions (0k0):k52n and (h0l ):h1 l 52n. This space
group appears as a subgroup ofB2/m which is interesting to
consider in a starting model.

C. Data collection

The intensities of reflections of the first specimen we
recorded at room temperature on an Enraf-Nonius CAD4
fractometer using MoKa radiation. The number of weak
reflections (hkl) with h1 l 52n11, which are the most sen
sitive to the atomic deviations from ideal positions describ
in the B2/m space group, was insufficient to perform a s
isfactory refinement of the structure in its primitive lattice

This led us to collect data from a second crystal using
ID11 Material Sciences beamline of the European Synch
tron Radiation Facility.11 A wavelengthl50.326 Å was
chosen in order to reduce absorption effects. Data were
corded with a Thomson x-ray image intensifier coupled t
Princeton slow scan CCD camera. The detector was c
brated for spatial distortion using a Cu grid and for unifo
mity of sensitivity using an amorphous glass doped w
Dy.12 Data were collected in oscillations of 1° with 0.2
overlap. Images were corrected usingFIT2D ~Ref. 13! and
integrated withDENZO.14 Data were subsequently scaled a
merged. The registered pictures confirm the good diffract
quality of our sample~well-resolved spots without any ob
servable diffuse streaks!. The quality of the obtained data se
was significantly improved, mainly for the reflection
h1 l 52n11. The experimental details are summarized
Table I. The observed intensities were not corrected for
sorption because it was found to be negligible: the lin
absorption coefficient of the crystal at this wavelength
small (m.80 cm21). The size of the crystal section
18318 mm2, is also small and in spite of the length of th
needle~360 mm!, the paths of the incident and diffracte
beams do not vary significantly from one reflection to a
other.
TABLE I. Details of data collection.

Crystal size 183183360 mm3

Cell parameters (T5294 K! a516.491(9) Å,b55.481(3) Å,
c530.086(16) Å,b591.39(2)°

Space group P21 /n
Z, V 4, 2718 Å3

Wavelength 0.326 Å
Index restrictions 226<h<26, 0<k<8, 0< l<46
No. of reflections withI>3s(I ) 2674
Absorption coefficient 80 cm21

No. of least squares parameters 246
Weighting scheme 1/s2(F)
Reliability factors (R/wR) 0.069/0.087



eo
er
a

hil
it

ee

n
on
p

p
e-

n

e
e
e

o

o
m

nts

ible

o-

ic
ng
m-

Bi
ne-
t-

Bi
re
tion
two
he

and
, re-
es
g to

for

ter-
ec-
A
lso
r

one
wo

d-

or
Sr

ther

ers,
and

n
rs
ean-
e

ties

ym-

e

5664 56O. PÉREZ et al.
The electron diffraction study was carried out on a J
200CX electron microscope. The HREM study was p
formed with a TOPCON 002B electron microscope oper
ing at 200 kV and having a point resolution of 1.8 Å.

Electron probe microanalysis was performed with a P
ips FEG-XL30 scanning electron microscope equipped w
an EDS-LINK analysis system.

III. STRUCTURE REFINEMENTS

A preliminary model, assuming the space groupB2/m,
was found by direct methods using SIR92.15 High resolution
microscopy suggests notable structural similarities betw
the present crystal and the modulated Bi2.4Sr2.6Fe2O91d
phase which was previously studied.9,16,17 Atoms could be
identified, therefore, by analogy with the already know
structure using the interatomic distances. Only the cati
were located in this first step. The atoms occupy special
sitions on the mirror planes (y561/4) in the space group
B2/m. The results were carefully verified by Patterson ma
and then thex,z atomic coordinates of the cations were r
fined using the reflections withh1 l 52n and SDS.18 The
labeling of the cations is specified in Fig. 2 where the u
cell of the double-collapsed structure is represented.

In this first model it was not possible to locate all th
oxygen atoms, from difference Fourier synthesis. Moreov
anomalously large thermal displacement parameters w
observed along@010#, especially for Bi atoms, inducing us t
work within the real symmetry, that of theP21 /n space
group. The mirror plane is lost in this group, and lowering
the translational symmetry from a face centered to a pri

FIG. 2. Projection of the double collapsed Bi61xSr92xFe5O26

cationic structure alongbW .
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tive lattice is achieved as a result of atomic displaceme
along@010# from the ideal position,y561/4. It should also
be noted that two different structural hypotheses are poss
and have to be tested within theP21 /n subgroup. Two ad-
jacent Bi ribbons are symmetrically related either by a tw
fold screw axis or by a center of inversion~Fig. 2!. Consid-
ering only the primitive reflections, and assuming isotrop
thermal motion, the Bi atoms were shifted 0.1 to 0.2 Å alo
@010# according to analysis of thermal displacement para
eters obtained in space groupB2/m. The hypothesis involv-
ing a center of inversion between adjacent bracketlike
ribbons led to a significantly better agreement. A new refi
ment of thex,y,z coordinates of the Bi atoms was then a
tempted, leading to a significant decrease of theR factor
~from 0.42 to 0.15! for reflections withh1 l 52n11. This
result clearly shows that the change of symmetry fromB2/m
to P21 /n is mainly due to the small displacements of the
atoms from their ideal positions. All the oxygen atoms we
located by alternating least squares refinement of the ca
parameters and difference Fourier synthesis using the
groups of reflections, allowing a global refinement of t
actual structure to be performed.

The thermal displacement parameters of the cations
oxygen atoms were treated as anisotropic and isotropic
spectively. Substitution of Bi for Sr on all the strontium sit
adjacent to the Bi atoms was also considered, accordin
the results obtained for the modulated phase.9,17

The structure refinement indicated some problems
Fe(e), Sr~3!, Bi(a), and Bi(f ). The Bi(a) and Bi(f ) occu-
pancies were found to be less than one which could be in
preted, as a substitution of Fe for Bi and/or Sr for Bi, resp
tively, consistent with their positions in the structure.
splitting and a spreading out of the electron density have a
been observed on the Fourier difference maps at the S~3!
site and Fe(e) site levels respectively~Figs. 3 and 4!. The
occupancy of the Fe site was found to be greater than
and a substitution of Bi for Fe was therefore considered. T
distinct sites, (a) and (b), were refined in the case of Sr~3!.
The (a) site which occurs in a row of Bi atoms was consi
ered to be occupied by Bi, whereas the (b) site which is
mainly occupied by Sr and only a small substitution of Bi f
Sr, comparable with the similar occupation of the other
sites, was considered. This feature will be discussed fur
~Sec. IV C!.

The atomic positions, thermal displacement paramet
and occupational parameters are summarized in Tables II
III. The oxygen atoms, labeled O~1! and O~2!, are located
within the interrupted iron layers; O~3! and O~4! are the api-
cal oxygen atoms@O~4! is located accross two broken iro
layers#; O~5! is located in the bismuth layers. The lette
used in the oxygen and cation notation have the same m
ing and are related to the location of the atom along thcW
direction.

IV. DISCUSSION

The present collapsed structure shows obvious similari
with the incommensurate 2212 iron phase.9,17 We recall the
main structural properties of this modulated phase. The s
metry is orthorhombic with the unit cell parametersam.5.4
Å, bm.5.4 Å, cm.31.7 Å and the superspac
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56 5665CRYSTAL STRUCTURE OF DOUBLE-COLLAPSED-PHASE . . .
group Abmm(0,b,1)00s. Owing to the modulation, the at
oms are displaced off their average position to form un
lated (001)m layers@Fig. 5~b!# which are composed of only
one kind of cation~Bi, Sr, or Fe! and mixed cationic (010)m
wavy planes. The (001)m layers will be labeled@BiO#, @SrO#,
and @FeO2#, respectively. Running alongcWm , adjacent
@BiO#, @SrO#, @FeO2#, @SrO#, @FeO2#, @SrO#, @BiO# layers
form a slab. The modulation and curvature of each slab al
cW is exactly out of phase with adjacent slabs@Fig. 5~b!#. For
two adjacent@BiO# layers, this feature gives rise to shrinkin
and bulging zones, and within each@BiO# layer, diluted and
condensed regions are formed.9,16,17The shrinking zones~di-
luted regions! are characterized by a disorder resulting in
splitting of the Bi sites.

The main structural features of the so-called doub
collapsed phase can be described with reference to the m
lated structure@Fig. 5~b!#. Layers can still be distinguished
but they are now mixed cationic layers parallel to the (70)̄
plane, with the following sequence: . . . 18Sr, 6Bi, 10F
6Bi, 18Sr, . . . . The following approximate relationship b
tween the basic cell translation directions of both structu
can be established:aW m //bW , bW m //(3aW 17cW ), cWm //(10aW 2cW ). It
can also be shown that all these mixed layers are equiva
by translational symmetry; two adjacent mixed layers
related by the lattice translation (aW 12cW ).

It is important to have an accurate description of the d
ferent cation environments~Sec. IV A! in the collapsed
phase in order to clarify what are the actual similarities a
differences between both structures. Then it will be poss
to propose a more general interpretation of the structure

FIG. 3. Difference Fourier map (y50.75) showing up the split-

ting of the Sr~3! atoms. Contours are drawn at intervals of 3ē Å 23.
Solid lines and short dashed lines represent positive and neg
electron density, respectively.
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ing 2212-type blocks and an original accommodation reg
~Sec. IV B!. The ideal ordered model of this region is d
scribed. The deviation from this idealized structure, inclu
ing the problems evidenced for Bi(a), Bi( f ), Sr~3!, and
Fe(e) atoms, are the subject of Sec. IV C.

A. Cation environment

The Fe-O, Sr-O, and Bi-O distances are listed in Ta
IV.

All the Fe cations have ‘‘51 1’’ nearest neighbors so tha
their coordination can be described in terms of either Fe5
pyramids or as strongly distorted FeO6 octahedra. The apica
distance Fe-O~2.4–2.6 Å! inside these octahedra, is indee
much larger than all the other Fe-O distances (,2 Å). Fe
octahedra form ribbons parallel to (001)m which are ten oc-
tahedra wide alongbW m ~Fig. 6!. Within each ribbon, three
kinds of octahedra can be distinguished: the first~labeledb,
c andd in Fig. 6! is connected to four other octahedra in t
same ribbon and to a fifth apical octahedron in the adjac
ribbon; the second (e) provides the connection with the B
ribbon and is only connected to two FeO6 octahedra in the
same ribbon. Together, these two kinds (b, c, d, ande) form
double pyramidal Fe ribbons~thick lines in Fig. 6! which are
very similar to those observed near the Bi condensed reg
of the 2212 modulated structure. The third kind (a), in the
middle of the ribbon, is only connected to Fe octahedra
the same ribbon; it is located between two Bi ribbons.

One can see a reversal of their apical Fe-O bonds w
respect to each other~thick lines in Fig. 6! related to the
location of the 21 screw axis between them.

ive

FIG. 4. Difference Fourier map (y50.75) outlining the spread-

ing of the electronic density, in the (aW ,cW ) plane, for the Fe(e) at-

oms. Contours are drawn at intervals of 3ē Å 23. Solid lines and
short dashed lines represent positive and negative electron dens
respectively.



5666 56O. PÉREZ et al.
TABLE II. Crystallographic parameters.

Atom x y z u11 u22 u33 u12 u13 u23

Bi(a) -0.0245~1! 0.25a 0.2449~1! 0.0075~5! 0.0087~10! 0.116~7! 0.00a 0.0024~5! 0.00a

Bi(b) 0.0232~1! 0.7355~5! 0.3350~1! 0.0091~5! 0.0082~10! 0.0094~7! -0.0009~7! 0.0018~4! -0.0003~9!

Bi(c) 0.0636~1! 0.2672~6! 0.4163~1! 0.0069~5! 0.0113~11! 0.0124~7! 0.00a 0.0011~4! 0.0010~11!

Bi(d) 0.1030~1! 0.7216~5! 0.4998~1! 0.0077~5! 0.0092~10! 0.0105~7! 0.0008~7! 0.0018~4! 0.0012~9!

Bi(e) 0.1367~1! 0.2784~5! 0.5828~1! 0.0085~5! 0.0128~12! 0.0125~8! 0.0006~7! 0.0040~5! 0.0007~10!

Bi( f ) 0.1658~1! 0.7361~6! 0.6689~1! 0.0092~6! 0.0143~11! 0.0097~8! 0.00a 0.0033~5! 0.00a

Sr~2a) 0.4419~2! 0.75a 0.3665~2! 0.0167~14! 0.005~2! 0.0103~16! 0.00a 0.00a 0.00a

Sr~2b) 0.4821~2! 0.2465~7! 0.4554~2! 0.0109~11! 0.0071~18! 0.0077~13! 0.00a -0.0016~9! 0.00a

Sr~1a) 0.3856~2! 0.2462~10! 0.2767~2! 0.0256~16! 0.012~2! 0.0094~17! -0.0037~18! 0.0044~13! 0.00a

Sr~1b) 0.1762~2! 0.25a 0.3109~2! 0.0205~14! 0.007~2! 0.0085~15! 0.00a -0.0014~11! 0.00a

Sr~1c) 0.2232~2! 0.7565~9! 0.3959~1! 0.0153~11! 0.007~2! 0.0078~14! 0.0023~15! -0.0051~1! 0.0026~17!

Sr~1d) 0.2623~2! 0.25a 0.4814~1! 0.0143~11! 0.009~2! 0.0084~14! 0.00a 0.00a 0.00a

Sr~1e) 0.2979~2! 0.7581~12! 0.5689~1! 0.0177~12! 0.0052~19! 0.0088~14! 0.00a -0.0018~10! -0.005~4!

Sr~1f ) 0.3297~13! 0.2533~13! 0.6551~2! 0.038~2! 0.008~2! 0.0097~15! 0.00a -0.0038~12! 0.00a

Sr~3a) -0.2091~8! 0.728~4! 0.2445~6! 0.03~1! 0.02~1! 0.04~1! 0.008~7! 0.00a 0.014~10!

Sr~3b) -0.1596~3! 0.7393~11! 0.2442~2! 0.024~2! 0.007~3! 0.012~2! 0.00a 0.0026~14! 0.00a

Fe(a) 0.2826~3! 0.75a 0.2933~2! 0.023~3! 0.0100~4! 0.005~3! 0.00a -0.004~2! 0.00a

Fe(b) 0.3329~3! 0.2533~15! 0.3802~2! 0.008~2! 0.006~3! 0.009~3! 0.003~2! 0.00a 0.004~3!

Fe(c) 0.3708~3! 0.75a 0.4688~2! 0.007~2! 0.011~4! 0.007~3! 0.00a 0.00a 0.00a

Fe(d) 0.4066~3! 0.25a 0.5576~2! 0.007~2! 0.010~3! 0.009~3! 0.00a 0.00a 0.00a

Fe(e) 0.4405~3! 0.75a 0.6501~2! 0.018~2! 0.014~3! 0.035~3! 0.00a -0.005~2! 0.00a

Atom x y z Uiso

O~1a) 0.248~3! 0.50a 0.2500~16! 0.015~5!

O~1b) 0.301~2! 0.00a 0.3377~6! 0.011~6!

O~2b) 0.294~2! 0.50a 0.3376~6! 0.006~2!

O~1c) 0.343~2! 0.00a 0.4242~11! 0.004~2!

O~2c) 0.341~3! 0.50a 0.4283~16! 0.016~8!

O~1d) 0.381~3! 0.00a 0.5167~13! 0.011~5!

O~2d) 0.375~3! 0.50a 0.5126~13! 0.007~4!

O~1e) 0.414~3! 0.00a 0.5998~17! 0.029~10!

O~2e) 0.411~3! 0.50a 0.6064~13! 0.011~4!

O~1f ) 0.4459~16! 0.00a 0.6918~12! 0.008~4!

O~2f ) 0.430~3! 0.50a 0.6932~19! 0.027~12!

O~3a) 0.1400~16! 0.75a 0.3163~11! 0.018~7!

O~3b) 0.1820~14! 0.204~7! 0.4025~10! 0.007~3!

O~3c) 0.2241~14! 0.771~9! 0.4864~10! 0.008~4!

O~3d) 0.2609~14! 0.240~11! 0.5735~10! 0.013~5!

O~3e) 0.2873~15! 0.784~9! 0.6625~11! 0.017~7!

O~3f ) 0.3148~17! 0.229~10! 0.7572~12! 0.014~4!

O~4a) 0.3987~14! 0.75a 0.2741~10! 0.013~3!

O~4b) 0.4442~11! 0.25a 0.3635~14! 0.016~5!

O~4c) 0.4819~14! 0.731~6! 0.4539~11! 0.014~5!

O~5a) -0.011~2! 0.666~8! 0.2701~14! 0.029~12!

O~5b) 0.0375~16! 0.356~7! 0.3486~1! 0.012~5!

O~5c) 0.078~2! 0.644~7! 0.4285~13! 0.018~8!

O~5d) 0.1118~17! 0.349~7! 0.5043~12! 0.016~6!

O~5e) 0.1415~16! 0.664~7! 0.5788~11! 0.013~5!

O~5f ) 0.1677~16! 0.339~7! 0.6621~12! 0.014~5!

aWere fixed during the refinement because their variation from the present values were insignificant.
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56 5667CRYSTAL STRUCTURE OF DOUBLE-COLLAPSED-PHASE . . .
Three different coordinations are observed for the Sr
oms. The first two were already seen in the incommensu
phase: Sr~1! has the ninefold environment typical of th
rock-salt-type structure between one@FeO2# layer and one
@BiO# layer and Sr~2! has the 12-fold coordination characte
istic of the perovskite-type structure between the@FeO2# lay-
ers. Sr~3! presents an original eightfold coordination, whic
results from the particular location of this cation in the co
tinuation of a row of Bi atoms.

The stacking of two adjacent mixed layers results in
periodic arrangement of pairs of infinite Bi ribbons paral
to the (001)m plane@Fig. 5~a!#. These double ribbons are s
atoms wide. Their bracketlike configuration is particula
visible in the HREM images~Fig. 2a in Ref. 19!. The posi-
tion of these double Bi ribbons is characterized by a rela
shift of ;2.1 Å. Hence, the Bi and O atoms of two adjace

TABLE III. Occupancy probabilities of different cationic sites

%Bi %Sr %Fe

Bi(a) 88.88~1! - 11.12~1!

Bi( f ) 82.73~1! 17.27~1! -
Sr~1a) - 100a -
Sr~1b) 4.14~1! 95.86~1! -
Sr~1c) 6.81~1! 93.19~1! -
Sr~1d) 8.26~1! 91.74~1! -
Sr~1e) 10.70~1! 89.30~1! -
Sr~1f ) 12.31~2! 87.69~2! -
Sr~3a) 14.03~1! - -
Sr~3b) 4.82~1! 81.18~1! -
Fe(e) 16.44~2! - 83.56~2!

aWere fixed during the refinement because their variation from
present values were insignificant.

FIG. 5. Structural comparison between the double-collap

phase~a! ~projection alongbW ) and the modulated phase~b! ~projec-

tion alongaW m). Only cations are shown.
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ribbons are not stacked exactly on top of each other, as
the case in the modulated structure. This shift results i
discontinuity of the mixed cationic (010)m planes which are
continuous in the modulated structure. Nevertheless, the
ribbon of the collapsed phase presents exactly the same
figuration of double BiO chains running alongbW m as the
equivalent part of the@BiO# layer of the modulated phas
@Fig. 5~b!#.

The similarity between the collapsed and the modula
phase is further confirmed by the similarity of the Bi-O di
tances and the O-Bi-O angles~Table IV!. Three of the bis-
muth cations, Bi(b), Bi(c), and Bi(f ), are characterized by
two short in-plane Bi-O distances, ranging from 2.05 to 2.
Å ~dark lines in Fig. 7!, and one short out-of plane Bi-O
distance~perpendicular to the@BiO# ribbon!, ranging from
2.03 to 2.08 Å. Thus, the corresponding coordination can
described as a BiO3L tetrahedron, considering that the ele
tronic lone pair of Bi~III ! is directed perpendicularly to the ‘
O3’’ plane, as schematically shown in Fig. 7. In this case,
behavior of Bi(b), Bi(c), and Bi(f ) is very similar to that
observed for Bi in the ‘‘2212’’ modulated structure whe
BiO3L tetrahedral coordination was also observed. Nevert
less, it is worth pointing out that each of these atoms has
additional O atom located at 2.76–2.97 Å~gray lines in Fig.
7! so that the coordination of these three Bi cations can
considered as intermediate between the tetrahedral Bi3L
and distorted pyramidal BiO4L. The two cations, Bi(d) and
Bi(e), have three short in-plane Bi-O distances, rang
from 2.05 to 2.46 Å~black lines in Fig. 7! and one short
out-of plane Bi-O distance ranging from 2.06 to 2.08 Å,
that their lone pair is approximately directed alongbW ~Fig. 7!.
Consequently, the coordination of these two atoms can
described as BiO4L pyramids. The relative shift between tw
adjacent Bi ribbons results in a very unusual configurat
for Bi(a): it is close to that of Fe(e) atom in the same mixed
layer and is inserted between two@SrO# interrupted layers.
This Bi atom occupies an ‘‘Fe-type’’ position: it forms
junction with the adjacent@FeO2# interrupted layer by two
short bonds with O(1f ) and O(2f ) atoms of square plana
iron ~2.16–2.19 Å!. An intermediate Bi(a)-O distance of 2.4
Å is achieved with the O~5! atom belonging to the Bi(b)
tetrahedron. Thus, for this atom, one observes three s
in-plane Bi-O distances with a ‘‘BiO3’’ configuration similar
to that observed for other Bi in the chain. However, Bi(a)
differs from the other bismuth atoms because of the e
tence of two apical Bi-O bonds, with the result that it
surrounded by five O atoms. This coordination can be
scribed as distorted octahedral BiO5L, with the lone pair
forming the fourth vertex of the basal plane of this octah
dron as shown in Fig. 7.

B. Comparison between the collapsed and modulated phases

As has already been mentioned, the collapsed and
modulated phases show great similarities concerning the
ion coordinations and the existence of specific cationic sta
ing or layers.

According to the previous HREM study, the collaps
phase has been interpreted as a regular stacking of two k
of slices parallel to~001!: only one slice (D-2212 in Fig. 6!
is characterized by the cationic sequence of the 2212 mo

e

d



5668 56O. PÉREZ et al.
TABLE IV. Cation-oxygen distances~Å! and O-Bi-O angles~°!. Symmetry codes: I:x,y,z; II:
x21/2,1/22y,z21/2; III: 1/22x,y21/2,1/22z; IV: x,y21z; V: x,11Y,z; VI: 2x,12y,12z; VII:
1/22x,1/21y,3/22z; VIII: 1 2x,2y,12z; IX: 1 2x,12y,12z; X:1/22x,3/22y,z21/2; XI: 1/22x,1/2
1y,1/22z.

Bi(a)-O(1f )II 2.16~3! O(1f ) II-Bi(a)-O(2f ) II 78~2!

Bi(a)-O(2f )II 2.19~5! O(1f ) II-Bi(a-O(3g) II 83~2!

Bi(a)-O(3a)III 2.16~3! O(1f ) II-Bi(a)-O(3a) III 90~1!

Bi(a)-O(5a)I 2.41~5! O(1f ) II-Bi(a)-O(5a) II 70~2!

Bi(a)-O(3g)II 2.68~3! O(2f ) II-Bi(a)-O(3g) II 79~2!

Bi(a)-O(5a)IV 3.29~5! O(2f ) II-Bi(a)-O(3a) III 97~2!

Bi(a)-O(5b)I 3.31~4! O(3g) II-Bi(a)-O(5a) I 90~2!

O(3a)III -Bi(a)-O(5a) I 90~1!

Bi(b)-O(3b)I 2.08~3! O(3b) I-Bi(b)-O(5a) I 90~2!

Bi(b)-O(5a)I 2.05~4! O(3b) I-Bi(b)-O(5b) I 89~1!

Bi(b)-O(5b)I 2.13~4! O(5a) I-Bi(b)-O(5b) I 92~2!

Bi(b)-O(5b)V 3.43~4! O(5b) I-Bi(b)-O(5c) I 68~2!

Bi(b)-O(5c)I 2.97~4! O(5b) I-Bi(b)-O(5f )VI 89~2!

Bi(b)-O(5f )VI 3.18~3!

Bi(c)-O(3c) I 2.03~3! O(3c) I-Bi(c)-O(5b) I 91~1!

Bi(c)-O(5b)I 2.13~4! O(3c) I-Bi(c)-O(5c) I 96~2!

Bi(c)-O(5c)I 2.11~4! O(5b) I-Bi(c)-O(5c) I 88~2!

Bi(c)-O(5d)I 2.78~4! O(5c) I-Bi(c)-O(5d) I 69~2!

Bi(c)-O(5c)V 3.44~4! O(5d) I-Bi(c)-O(5e) I 102~2!

Bi(c)-O(5e)VI 3.41~3!

Bi(d)-O(3d) I 2.06~3! O(3d) I-Bi(d)-O(5c) I 90~2!

Bi(d)-O(5c)I 2.22~4! O(3d) I-Bi(d)-O(5d) I 94~2!

Bi(d)-O(5d)I 2.05~4! O(3d) I-Bi(d)-O(5e) I 89~1!

Bi(d)-O(5e)I 2.46~4! O(5c) I-Bi(d)-O(5d) I 83~2!

Bi(d)-O(5d)V 3.45~4! O(5d) I-Bi(d)-O(5e) I 78~2!

Bi(d)-O(5d)VI 3.56~3!

Bi(e)-O(3e) I 2.08~3! O(3e) I-Bi(e)-O(5d) I 92~1!

Bi(e)-O(5e)I 2.12~4! O(3e) I-Bi(e)-O(5e) I 93~2!

Bi(e)-O(5d)I 2.42~4! O(3e) I-Bi(e)-O(5f ) I 88~1!

Bi(e)-O(5f )I 2.45~4! O(5d) I-Bi(c)-O(5e) I 78~2!

Bi(e)-O(5e)IV 3.37~4! O(5e) I-Bi(e)-O(5f ) I 85~2!

Bi(e)-O(5c)VI 3.57~3!

Bi( f )-O(3f ) I 2.03~3! O(3f ) I-Bi( f )-O(3g)VII 89~2!

Bi( f )-O(3g)VII 2.24~4! O(3f ) I-Bi( f )-O(5e) I 93~2!

Bi( f )-O(5f )I 2.19~4! O(3f ) I-Bi( f )-O(5f ) I 96~2!

Bi( f )-O(5e)I 2.76~4! O(5e) I-Bi( f )-O(5f ) I 77~2!

Bi( f )-O(5f )V 3.31~4! O(3g)VII -Bi( f )-O(5f ) I 94~2!

Bi( f )-O(5f )VI 3.42~3!

Sr(2a)-O(1b)V 2.81~4! Sr(2b)-O(1c) I 2.80~3! Sr(1a)-O(2a) I 2.77~4!

Sr(2a)-O(2b)I 2.90~3! Sr(2b)-O(2c) I 2.82~4! Sr(1a)-O(2a) III 2.68~4!

Sr(2a)-O(1c)V 2.77~3! Sr(2b)-O(1d) I 2.85~4! Sr(1a)-O(1b) I 2.69~3!

Sr(2a)-O(2c)I 2.87~5! Sr(2b)-O(1d)VIII 2.74~4! Sr(1a)-O(2b) I 2.77~3!

Sr(2a)-O(1e)IX 2.90~4! Sr(2b)-O(2d) I 2.86~4! Sr(1a)-O(5a) III 2.57~4!

Sr(2a)-O(2e)IX 2.88~3! Sr(2b)-O(2d) IX 2.88~4! Sr(1a)-O(4a) I 2.76~3!

Sr(2a)-O(1f )IX 2.91~3! Sr(2b)-O(1e)VIII 2.77~4! Sr(1a)-O(3b) III 2.83~4!

Sr(2a)-O(2f )IX 3.12~5! Sr(2b)-O(2e) IX 2.93~4! Sr(1a)-O(3a) IV 2.729~6!

Sr(2a)-O(3a)I 2.85~3! Sr(2b)-O(4a) I 2.82~4! Sr(1a)-O(3a) I 2.770~6!

Sr(2a)-O(4a)I 2.74~1! Sr(2b)-O(4b) IV 2.82~4!
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TABLE IV. ~Continued!.

Sr(2a)-O(4a)V 2.74~1! Sr(2b)-O(4b)I 2.66~4!
Sr(2a)-O(4b)I 2.70~4! Sr(2b)-O(4b)IX 2.78~4!

Sr(1b)-O(2a)I 2.59~5! Sr(1c)-O(1b)V 2.57~3! Sr(1d)-O(1c)I 2.59~3!
Sr(1b)-O(2a)III 2.63~5! Sr(1c)-O(2b)I 2.55~2! Sr(1d)-O(2c)I 2.49~4!
Sr(1b)-O(1b)I 2.58~3! Sr(1c)-O(1c)V 2.52~3! Sr(1d)-O(1d)I 2.60~4!
Sr(1b)-O(2b)I 2.50~3! Sr(1c)-O(2c) I 2.56~4! Sr(1d)-O(2d)I 2.47~3!
Sr(1b)-O(3b)IV 2.797~5! Sr(1c)-O(3b)I 2.70~3! Sr(1d)-O(3c)I 2.70~3!
Sr(1b)-O(3b)I 2.797~5! Sr(1c)-O(3c) I 3.11~4! Sr(1d)-O(3d)IV 2.71~5!
Sr(1b)-O(3c)I 2.77~3! Sr(1c)-O(3c)V 2.55~4! Sr(1d)-O(3d)I 2.93~5!
Sr(1b)-O(3a)III 2.81~3! Sr(1c)-O(3d)I 2.72~3! Sr(1d)-O(3e)I 2.77~3!
Sr(1b)-O(5b)I 2.64~3! Sr(1c)-O(5c) I 2.68~4! Sr(1d)-O(5d)I 2.65~3!

Sr(1e)-O(1d)V 2.49~4! Sr(1f )-O(1e)I 2.59~4! Sr(3b)-O(1f )II 2.71~4!
Sr(1e)-O(2d)I 2.57~4! Sr(1f )-O(2e)I 2.43~4! Sr(3b)-O(2f )X 2.59~5!
Sr(1e)-O(1e)V 2.49~4! Sr(1f )-O(1f )I 2.59~3! Sr(3b)-O(3f )X 2.59~4!
Sr(1e)-O(2e)I 2.58~3! Sr(1f )-O(2f )I 2.41~5! Sr(3b)-O(3g)VI 2.56~3!
Sr(1e)-O(3d)I 2.74~3! Sr(1f )-O(3e)I 2.68~3! Sr(3b)-O(3g)II 2.63~6!
Sr(1e)-O(3e)I 2.91~6! Sr(1f )-O(3f )IV 2.67~5! Sr(3b)-O(3g)X 2.97~6!
Sr(1e)-O(3e)V 2.71~6! Sr(1f )-O(3f )I 3.00~5! Sr(3b)-O(5a)I 2.58~4!
Sr(1e)-O(3f )I 2.83~4! Sr(1f )-O(3g)I 3.09~4! Sr(3b)-O(5f )VI 2.86~4!
Sr(1e)-O(5e)I 2.65~3! Sr(1f )-O(5f )I 2.72~3!

Fe(a)-O(2a)I 1.97~4! Fe(b)-O(1b) I 1.95~2! Fe(c)-O(1c)V 1.96~3!
Fe(a)-O(2a)XI 1.95~4! Fe(b)-O(2b) I 1.95~2! Fe(c)-O(2c) I 1.89~3!
Fe(a)-O(1b)V 1.93~2! Fe(b)-O(1c) I 1.92~3! Fe(c)-O(1d)V 1.99~3!
Fe(a)-O(2b)I 1.92~2! Fe(b)-O(2c) I 1.98~4! Fe(c)-O(2d) I 1.90~3!
Fe(a)-O(3b)I 2.40~3! Fe(b)-O(3c) I 2.61~3! Fe(c)-O(3d) I 2.49~3!
Fe(a)-O(3a)I 2.01~3! Fe(b)-O(4a) I 1.91~3! Fe(c)-O(4b) I 1.90~3!

Fe(d)-O(1d)I 1.88~3! Fe(e)-O(1e)V 2.08~4!
Fe(d)-O(2d)I 1.99~3! Fe(e)-O(2e) I 1.96~3!
Fe(d)-O(1e)I 1.87~4! Fe(e)-O(1f )V 1.85~3!
Fe(d)-O(2e)I 2.00~4! Fe(e)-O(2f ) I 1.90~4!
Fe(d)-O(3e)I 2.46~3! Fe(e)-O(3f ) I 2.57~3!
Fe(d)-O(4b)IX 1.88~3! Fe(e)-O(4a) IX 1.95~3!
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lated phase. Our present results agree with this interpreta
regardless of the previously mentioned shift between Bi
bons. Moreover, two successiveD-2212 slices are related t
each other by a 21 screw axis, and not by a simple transl
tion. The resulting structure cannot, therefore, be descri
as a pure sheared structure. The second kind of slice (E in
Fig. 6!, which corresponds to the two adjacent Fe(a)O6 oc-
tahedra of the Fe ribbons, was interpreted as a zone allow
the accommodation of the proposed shearing mechanism
the original Fe(a), Sr~3!, and Bi(a) environments are local
ized in this slice.

More accurately, the relative cationic positions are exac
the same in infinite atomic blocks along thebW or along the
aW m directions of both structures. These blocks, labeledA, are
drawn in Fig. 5. They consist of a stacking of ribbons of
Bi, 6 Sr, 6 Fe, and 6 Sr atoms and correspond to a half
of the modulated phase between the two disordered dilu
regions, labeledB.

The difference between the two structures is in how th
elementary blocks are connected. In the modulated ph
the blocksA andB are directly stacked on top of each oth
in the same direction,cWm , forming the cationic (010)m
n,
-
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FIG. 6. Scheme of the Fe-O bonds in the double-collap
phase. The thick and thin dark segments symbolize the shorter
the longer Fe-O distances, respectively. The dashed lines outlin
D-2212 andE slices~see text!.
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planes. On the contrary, two adjacent blocks are shifted w
respect to each other by a translationvW @Fig. 5~a!# in the
double-collapsed one.

The blocks labeledB @Fig. 5~b!#, present in the modulate
phase, are missing in the collapsed phase: these block
characterized both by a static disorder phenomenon w
was observed in the modulated@BiO# layers2 and by an al-
most regular octahedral environment of the Fe atom, w
apical Fe-O distances shorter than 2.2 Å. We can now
that in the collapsed phase there is no any disorder phen
ena in the double Bi ribbon or any apical Fe-O distan
shorter than 2.4 Å.

Other differences can also be noted. First, there are
common atoms, corresponding to the two middle Fe(a)O6
octahedra of the@FeO2# ribbons, between theA blocks. Sec-
ond, two supplementary Sr atoms@Sr~3!# are located between
the four A blocks and have no equivalent in the modulat
phase. They are characterized by an original eightfold co
dination which is likely to play a part in the bonding schem
of this zone~Fig. 8!. Third, the Bi(a) atom also has a very

FIG. 7. Connection between the FeO2, BiO, and SrO ribbons
within a same mixed layer. Both the bonding scheme and the
rangement of the Bi polyhedra including the electron lone pairs
shown. The dark, dark grey, and pale grey segments symbolize
strong, intermediate, and weak bonds respectively.

FIG. 8. Projection along@010# of the accommodation zone ou
lining the part of Sr~3! atom in the bonding scheme. Only the
atoms bonded to Sr~3! and Fe(e) atoms are represented.
th
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unusual configuration as a result of its position betwe
Fe(a) and two Sr~3! atoms~i.e., between the two 21 axes!.
These three differences give rise to the existence of ‘‘acco
modation slicesE’’ parallel to the ~001! plane.

C. Nanostructure

An HREM study was performed on the powder samp
and on the single crystal used for the present study.19 The
contrast was interpreted using the simulated images ca
lated from the refined positional parameters~Table II!. Dif-
ferent types of defects were characterized. No diffuse stre
were observed in the ED patterns, for the single crystal
agreement with the x-ray observations. In the pres

r-
re
he

FIG. 9. ~a! @010# HREM image. The cation positions are image
as dark dots. The framed area outlines a zone where the numb
Bi atoms, within a ribbon, is varying.~b! Calculated image of a
perfect structure with oval shaped ribbons 6 Bi wide. The contras
the same as that of the experimental image. The crystal thickne
15 Å and the focus value2260 Å ~close to the Scherzer value!.
The nature of the cations is indicated.
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sample, the observed defects consist mainly in local varia
of the contrast. An example of the@010# HREM image is
given in Fig. 9~a!, where the heavy electron density zones
imaged as dark dots. In the ideal structure, one obse
double Bi ribbons which are 6 Bi wide@Fig. 9~b!#. In the
experimental image, double Bi ribbons of variable leng
are observed~shown in Fig. 9!. Such defects are expected
induce two effects: either the existence of supplementary
sites, with a partial occupancy, near both the Fe(e) and Sr~3!
sites in coincidence with the bracketlike Bi ribbons long
than 6 Bi atoms, or the existence of supplementary parti
occupied Sr and Fe sites near the Bi(a) and Bi(f ) sites of
the bracketlike Bi ribbons which are shorter than 6 Bi atom
These defects are then likely to explain the difficulties e
countered in determining both the positions and the occup
cies of the atomic sites Fe(e), Sr~3!, Bi(a), and Bi(f ).

In the same way, contrast variations in the HREM imag
are observed near Bi(a). Such a feature was correlated to
local substitution of Fe for Bi on the Bi(a) site.19 The effect
of these localized defects are visible mainly in the accomm
dation zones. In fact, they are likely to induce relatively lar
values for the thermal displacement parameters obse
during the refinement. These values are the result of sm
displacements of the Bi atoms, depending on their rela
location in the global Bi sequence, and are artificially
creased by the existence of a static component.

As it is well known, there are strong correlations betwe
the occupational and the thermal parameters. Coupled
the occurrence of many localized faults within the cryst
this prevents an accurate determination of the compositio
the collapsed phase.

The relatively high value of the reliability facto
R50.069 is likely to be related to the presence of the loc
ized defects observed inside the crystal. Unfortunately, i
not possible to take into account such effects within an
erage model.

We obtained the chemical formula Bi6.6Sr8.4Fe5O26 in-
stead of the ideal composition Bi6Sr9Fe5O26 when any sub-
stitution phenomenon is excluded. The electron probe mic
analysis of some crystals leads to a Sr/Bi ratio equal
1.33~8!. This is close to the ratio Sr/Bi5 1.27 obtained for
the chemical formula Bi6.6Sr8.4Fe5O26. The results for the
iron atom are also in reasonable agreement with the com
sition refined from diffraction data.

V. CONCLUSION

Contrary to the related modulated structures, the collap
phases described in the Bi-Sr-Cu-O and Bi-Sr-Ba-Cu-O s
tems have been well characterized by the usual th
at
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dimensional periodicity, but their structures were not y
clarified. The present study allows an accurate descriptio
the original structure of the collapsed Bi-2212 pha
Bi61xSr92xFe5O26 and a comparison with the incommens
rate phase.

In contrast with the modulated compound, this phase
hibits mixed cation layers~Bi-Sr-Fe!. The arrangement of the
corresponding ribbons and the cation locations form ato
blocks ~labeled A) which are also present in the Bi con
densed regions of a half slab of the modulated phase. T
adjacentA blocks are shifted with respect to each other. Tw
supplementary Sr atoms, the common Fe(a)O6 octahedra be-
tween theA blocks and the Bi(a) atoms in their intermediate
configuration form an ‘‘accommodation sliceE;’’ the mixed
cation layers are then formed. The atomicB blocks, corre-
sponding to the main disordered regions of the incommen
rate phase, are missing in the collapsed compound, with
result that the corresponding structural static disorder d
not appear in the collapsed phase where only localized
orders could be observed.

One can easily imagine that the structural features of
present collapsed phase also characterize the other kn
collapsed compounds and particularly those in the Bi-
Cu-O system. These phases also present mixed cationic
ers and their junction can be interpreted on the basis of
structural description of the ‘‘accommodation slice’’ of th
present phase. The analogy both with the corresponding
Sr-Ca-Cu-O and Bi-Sr-Fe-O modulated phases and with
collapsed Bi-Sr-Fe-O phase is a useful indication as to
actual structure of the Bi-Sr-Cu-O collapsed compounds.
example, the disordered region in the modulated compo
Bi2Sr2CaCu2O81d ~Ref. 2! is shorter than in the related iro
phase, so the ordered Bi ribbons are longer. As expected
observed Bi ribbons of the Bi16Sr28Cu17O691d ~Ref. 5! col-
lapsed phase are longer than in the Bi61xSr92xFe5O26 com-
pound.

The main conclusion of the present study and of the p
vious studies of the Bi-Sr-Fe-O system is the existence
very close structural analogies between the Bi-Sr-~Ca!-Cu-O
and the Bi-Sr-Fe-O systems and between the related m
lated and collapsed phases. It emphasizes the intere
studying the iron phases which are more easily synthes
as single crystals and which allow a more accurate com
hension of the structural features of these phases.

ACKNOWLEDGMENTS

The authors are greatly indebted to Professor B. Rav
for encouragement and helpful discussions.
,

.
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9O. Pérez, H. Leligny, D. Grebille, J. M. Greneˆche, Ph. Labbe´, D.
Groult, and B. Raveau, Phys. Rev. B55, 1236~1997!.

10L. K. Templeton, Acta Crystallogr.12, 771 ~1959!.
11Å. Kvick and M. Wulff, Rev. Sci. Instrum.62, 1073~1992!.
12J. P. Moy, A. P. Hammersley, S. O. Svensson, A. Thompson

Brown, L. Claustre, A. Gonzalez, and S. McSweeney, J. S
chrotron. Radiat.3, 1 ~1996!.

13A. P. Hammersley, computer codeFIT2D v7.9, Experiments Divi-
sion Programming Group, European Synchrotron Radiation
cility, Grenoble, France 1995.

14Z. Otwinowski, computer codeDENZO, Science and Engineerin
,

.
-

a-

Research Council/Daresbury Laboratory 1993.
15A. Altomare, M. C. Burla, M. Camalli, G. Cascarano, C. Giac

vazzo, A. Guagliardi, and G. Polidori, J. Appl. Crystallogr.27,
435 ~1994!.

16Y. Lepage, W. R. McKinnon, J. M. Tarascon, and P. Barbo
Phys. Rev. B40, 6810~1989!.

17O. Pérez, H. Leligny, D. Grebille, Ph. Labbe´, D. Groult, and B.
Raveau, J. Phys. C7, 1003~1995!.
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