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A structural analysis of the double-collapsed-phase Bry_,Fes0,¢ is presented in light of the modulated-
phase Bj.Sr, F6,04. s previously investigatedlY. Lepage, W. R. McKinnon, J. M. Tarascon, and P. Bar-
boux, Phys. Rev. B0, 6810(1989; O. Paez, H. Leligny, D. Grebille, J. M. Grése, Ph. LabheD. Groult,
and B. Raveau, Phys. Rev.35, 1236(1997]. The study was carried out on a single crystal, using synchrotron
radiation A =0.326 A). The crystal is monoclinic with cell parameters 16.491(9) A,b=5.481(3) A,
c=30.086(16) A,3=91.392)°. Thereal structure of symmetr2,/n appears as a small perturbation of
the ideal structure with higher symme®®2/m. The undulating (001, layers of the modulatechf) phase built
from one kind of catior(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 irtfitdfeibbons, six Bi
atoms wide, are similar to the ordered pé&rbondensed zongof the Bi-2212 modulated phase. The Bi
disordered regiongiluted 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 ribbon$S0163-182607)01229-(

[. INTRODUCTION layers instead of infinite homogeneous layers. Moreover, the
sets of main and satellite reflections can be distinguished in
Oxides belonging to the Bi-Sr-Ca-Cu-O system are wellthe electron diffraction pattern of the modulated compounds.
known, both for their superconducting properties and theifn contrast, in the collapsed phases, it is no longer possible to
structural characteristics. Up to now, an adequate relatiofefine two groups of reflections, and the pattern can be in-
between the corresponding modulated structures and theflexed as a whole according to the three-dimensional period-
physical properties has not been completely establishedC!ty-
partly because of the lack of an accurate description of the Structural models were proposed as a result of HREM
atomic locations and occupancies, and partly because of tigudies for  the following compounds: the collapsed
possible existence of defects correlated to the modulatidns. Phase BisBa;SrClsOuz s (Ref.43) and the three %OUble'
Various phases in the Bi-Sr-Cu-O, B3a,S)-Cu-0, and  collapsed phases fB8a,CU,0s5," BiygSheClh70s9, 5,° and

. L - Bi1aBay,SheFes0g6 (Ref. ) related to the 2201 Bi-Cu modu-
Bi-Sr-Fe-O systems are structurally very similar to phases "Elted phase, 2212 Bi-Cu, and 2201-0201 intergrowth

the Bi-Sr-Ca-Cu-O system. Indeed, commensurate or incoms. .
mensurate modulations occur in these phases and they rg?' S13F€,010 (Ref. 1) modulated phases. Combining neutron

. . ) and x-ray powder diffraction data with HREM observations,
very similar to those observed in the Bi-Sr-Ca-Cu-O system . i
A new family of phases, the so-called “collapsed” a structural model was proposed for the,®,CuQ; col

hases-8 exists in th he el diffract lapsed phasg.
phases, ™ exists in these systems. The electron diffraction A gingje_crystal structural study was needed to improve

patterns of modulated and collapsed phases show similar fegsq understanding of these phases, to clarify the structural

tures where small bands of higher intensity reflections altersjmilarities with the modulated phases, and to investigate the
nate with larger bands of weaker intensity reflections. Agriginal features peculiar of the sheared zones.

structural study of the collapsed compounds is, thus, of in-
terest in understanding the details of the modulated phases. Il. EXPERIMENT
Moreover, HREM images of the collapsed structures have
often been interpreted with reference to the modulated struc-
tures. Single crystals were prepared starting from a mixture of
In a preliminary model, slices of crystal are isolated in theSr(NG;),, Bi,O3, and FgO;. The powders were weighed in
original modulated structure and sheared. According to théhe molar ratio Bi:1.33 Sr:2 Fe:1 and crushed in an agate
type of shearing mechanisifone shift or two orthogonal mortar. An alumina crucible containing 10 g of this mixture
shiftg we refer to either collapsed or double-collapsedwas heated in the same way as for the synthesis of the
phases. This shear leads to mixed cationic layers or to brokei, ,Sr, £6,04 5 compound’

A. Synthesis
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h+1=2n, and a set of much weaker reflections with
h+1=2n+1. This suggests a pseu@acentered lattice, al-
though the actual lattice is obviously primitive.

To reduce the correlations between the positional
parameter® during the refinement, a setting leading t@8a
value close tor/2 was chosen. This choice implies the non-
standardP2,/n space group consistent with the reflection
conditions (&0):k=2n and (Ol):h+1=2n. This space
group appears as a subgroupB#/m which is interesting to
consider in a starting model.

C. Data collection

The intensities of reflections of the first specimen were
recorded at room temperature on an Enraf-Nonius CAD4 dif-
fractometer using MdK, radiation. The number of weak
reflections fikl) with h+1=2n+ 1, which are the most sen-
sitive to the atomic deviations from ideal positions described
in the B2/m space group, was insufficient to perform a sat-
isfactory refinement of the structure in its primitive lattice.

This led us to collect data from a second crystal using the
ID11 Material Sciences beamline of the European Synchro-
tron Radiation Facility> A wavelengthA=0.326 A was
chosen in order to reduce absorption effects. Data were re-
corded with a Thomson x-ray image intensifier coupled to a
Princeton slow scan CCD camera. The detector was cali-

rated for spatial distortion using a Cu grid and for unifor-

lity of sensitivity using an amorphous glass doped with

y.}2 Data were collected in oscillations of 1° with 0.2°
overlap. Images were corrected usin@2D (Ref. 13 and
integrated withbEnzo.!* Data were subsequently scaled and
merged. The registered pictures confirm the good diffraction
quality of our samplgwell-resolved spots without any ob-

The different tested samples showed similar diffractionservable diffuse streaksThe quality of the obtained data set
patterns: small bands of higher intensity reflections alternateas significantly improved, mainly for the reflections
with large bands of weaker intensitiéSig. 1). The electron h+1=2n+1. The experimental details are summarized in
diffraction patterns and the Weissenberg camera photofable I. The observed intensities were not corrected for ab-
graphs are compatible with monoclinic symmetry. Thesorption because it was found to be negligible: the linear
unit cell parameters,a=16.491(9) A, b=5.481(3) A, absorption coefficient of the crystal at this wavelength is
c=30.086(16) A,3=91.392)°, were refined by accurate small (u=80 cm'!). The size of the crystal section,
centering of 25 independent reflections on an Enraf-Noniud8x 18 um?, is also small and in spite of the length of the
CAD4 diffractometer. The crystals are also characterized byeedle(360 um), the paths of the incident and diffracted
a distinct pseudo-translational symmetry. In fact two sets obeams do not vary significantly from one reflection to an-
reflections are observed: a set of very strong reflections witlother.

FIG. 1. Electron diffraction pattern of the Bi,Sry_,FeO0.¢
compound(zone axig010]).

Single crystals grow as small dark needles alond @€
direction with a diamond-shaped cross section. The qualit
of numerous crystals was tested using a Weissenberg ca
era. Two single monodomain crystals were selected for
complete diffraction study.

B. Symmetry

TABLE I. Details of data collection.

Crystal size 1% 18x 360 um®

Cell parametersT =294 K) a=16.491(9) Ab=5.481(3) A,
c=30.086(16) A,8=91.392)°

Space group P2,/n

zZ, Vv 4,2718 B

Wavelength 0.326 A

Index restrictions —26=<h=<26, 0<k=38, 0<I=<46

No. of reflections withl =30 (1) 2674

Absorption coefficient 80 cmt

No. of least squares parameters 246

Weighting scheme P (F)

Reliability factors &/ ,R) 0.069/0.087
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tive lattice is achieved as a result of atomic displacements
along[010] from the ideal positiony= *1/4. It should also

be noted that two different structural hypotheses are possible
and have to be tested within ti2,/n subgroup. Two ad-
jacent Bi ribbons are symmetrically related either by a two-
fold screw axis or by a center of inversidhRig. 2). Consid-
ering only the primitive reflections, and assuming isotropic
thermal motion, the Bi atoms were shifted 0.1 to 0.2 A along
[010] according to analysis of thermal displacement param-
eters obtained in space gro&2/m. The hypothesis involv-
ing a center of inversion between adjacent bracketlike Bi

°
o @ s(sz"(‘DS.r( ) @Bic)

o o Fe(c)S ‘1(1) @Bild) C ribbons led to a significantly better agreement. A new refine-
o ment of thex,y,z coordinates of the Bi atoms was then at-
3 ( $r(2a) Fe(b) ‘lc)@Bl(c) tempted, leading to a significant decrease of Bhdactor
(from 0.42 to 0.15 for reflections withh+I1=2n+1. This
Fe(a)sélb) | Bi(b) result clearly shows that the change of symmetry fi&2im
Py St(la) . to P2, /n is mainly due to the small displacements of the Bi
= 5 ‘ 5 Bi(a) atoms from their ideal positions. All the oxygen atoms were
@ located by alternating least squares refinement of the cation
@ parameters and difference Fourier synthesis using the two
® groups of reflections, allowing a global refinement of the
@ actual structure to be performed.
® The thermal displacement parameters of the cations and
oxygen atoms were treated as anisotropic and isotropic, re-
4— spectively. Substitution of Bi for Sr on all the strontium sites
a adjacent to the Bi atoms was also considered, according to
the results obtained for the modulated phate.
FIG. 2. Projection of the double collapsedsBiSry_ F&;0,4 The structure refinement indicated some problems for
cationic structure along. 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 inter-
The electron diffraction study was carried out on a Jeolpreted, as a substitution of Fe for Bi and/or Sr for Bi, respec-
200CX electron microscope. The HREM study was per-ively, consistent with their positions in the structure. A
formed with a TOPCON 002B electron microscope operat-splitting and a spreading out of the electron density have also
ing at 200 kV and having a point resolution of 1.8 A. been observed on the Fourier difference maps at ti(@) Sr
Electron probe microanalysis was performed with a Phil-site and Feg) site levels respectivelyFigs. 3 and 4 The
ips FEG-XL30 scanning electron microscope equipped witrpccupancy of the Fe site was found to be greater than one
an EDS-LINK analysis system. and a substitution of Bi for Fe was therefore considered. Two
distinct sites, &) and (), were refined in the case of (SJ.
The (a) site which occurs in a row of Bi atoms was consid-
ered to be occupied by Bi, whereas thg) (site which is
A preliminary model, assuming the space grdBp/m, mainly occupied by Sr and only a small substitution of Bi for
was found by direct methods using SIRSHigh resolution ~ Sr, comparable with the similar occupation of the other Sr
microscopy suggests notable structural similarities betweefites, was considered. This feature will be discussed further
the present crystal and the modulated, Bir, F6,04,5s (Sec. IV Q.
phase which was previously studigtf}” Atoms could be The atomic positions, thermal displacement parameters,
identified, therefore, by analogy with the already knownand occupational parameters are summarized in Tables Il and
structure using the interatomic distances. Only the cation§l. The oxygen atoms, labeled (D and Q2), are located
were located in this first step. The atoms occupy special powithin the interrupted iron layers; @) and Q4) are the api-
sitions on the mirror planesy& +1/4) in the space group cal oxygen atom$O(4) is located accross two broken iron
B2/m. The results were carefully verified by Patterson mapdayerd; O(5) is located in the bismuth layers. The letters
and then thex,z atomic coordinates of the cations were re- used in the oxygen and cation notation have the same mean-
fined using the reflections with+1=2n and SDS® The ing and are related to the location of the atom alongdhe
labeling of the cations is specified in Fig. 2 where the unitdirection.
cell of the double-collapsed structure is represented.
In this first model it was not po_ssible to Io_cate all the IV. DISCUSSION
oxygen atoms, from difference Fourier synthesis. Moreover,
anomalously large thermal displacement parameters were The present collapsed structure shows obvious similarities
observed alon§010], especially for Bi atoms, inducing us to with the incommensurate 2212 iron phdséWe recall the
work within the real symmetry, that of thB2,/n space main structural properties of this modulated phase. The sym-
group. The mirror plane is lost in this group, and lowering of metry is orthorhombic with the unit cell parameteg=5.4
the translational symmetry from a face centered to a primiA, b,=54 A, c¢,=31.7 A and the superspace

Ill. STRUCTURE REFINEMENTS
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FIG. 4. Difference Fourier mapyE 0.75) outlining the spread-
ing of the electronic density, in thea(c) plane, for the Fef) at-
FIG. 3. Difference Fourier mapy(=0.75) showing up the split-  oms. Contours are drawn at intervals of % 2. Solid lines and

ting of the S¢3) atoms. Contours are drawn at intervals @ & . short dashed lines represent positive and negative electron densities,
Solid lines and short dashed lines represent positive and negativespectively.
electron density, respectively.

roup Abmm(0.3,1)00s. Owing to the modulation, the at- ing 2212-type blqcks and an original accommoda.tion.region
gms pare digglafed) off their a?/erage position to form undu-(se.c' IVB. The !dgal ordered. m'odel'of this region 1S de-
lated (001), layers[Fig. 5b)] which are composed of only _scrlbed. The dewatlo_n from this |de_allzgd structure, includ-
one kind of cationBi, Sr, or Fg and mixed cationic (01Q) ing the problems eV|den'ced for &, Bi(f ), Sr(3), and
wavy planes. The (00})layers will be labeledBiO], [SrO], Fe(e) atoms, are the subject of Sec. IV C.
and [FeG], respectively. Running along?m, adjacent
[BiO], [SrQ], [FeG,], [SrO], [FeG], [SrQ], [BIO] layers A. Cation environment
form a slab. The modulation and curvature of each slab along 114 Fe.0 Sr-0. and Bi-O distances are listed in Table
c is exactly out of phase with adjacent sldbsg. 5b)]. For V2 ’ '
two adjacenfBiO] layers, this feature gives rise to shrinking Al the Fe cations have “5+ 1" nearest neighbors so that
and bulging zones, and within eafBiO] layer, diluted and  thejr coordination can be described in terms of either F£eO

condensed regions are form%%ﬁ”The shrinking zone&di-  pyramids or as strongly distorted Fg@ctahedra. The apical
luted regions are characterized by a disorder resulting in agistance Fe-G2.4-2.6 A inside these octahedra, is indeed
splitting of the Bi sites. much larger than all the other Fe-O distances2( A). Fe

The main structural features of the so-called doublecianedra form ribbons parallel to (0QLyvhich are ten oc-
collapsed phase can be described with reference to the mOst{hedra wide alond,, (Fig. 6). Within each ribbon, three
m . . [l

lated structurgFig. _S(b)]' La.yer's can still be dlstmgws_hed, kinds of octahedra can be distinguished: the fil@beledb,
but they are now mixed cationic layers parallel to the (Y03 ¢ anqd in Fig. 6) is connected to four other octahedra in the
plane, with the following sequence: ... 18Sr, 6Bi, 10Fe,game ribbon and to a fifth apical octahedron in the adjacent
6Bi, 18Sr, .. The foIIowm_g approximate relationship be- ribbon: the seconde) provides the connection with the Bi
tween the basic cell translation directions of both structuregipnan and is only connected to two Fg@ctahedra in the
can be establishedy,//b, by,//(3a+7c), c,//(10a—c). It same ribbon. Together, these two kinds ¢, d, ande) form
can also be shown that all these mixed layers are equivalegdouble pyramidal Fe ribborhick lines in Fig. § which are
by translational symmetry; two adjacent mixed layers arevery similar to those observed near the Bi condensed regions
related by the lattice translatiom ¢ 2c). of the 2212 modulated structure. The third kire) (in the

It is important to have an accurate description of the dif-middle of the ribbon, is only connected to Fe octahedra in
ferent cation environment§Sec. IV A) in the collapsed the same ribbon; it is located between two Bi ribbons.
phase in order to clarify what are the actual similarities and One can see a reversal of their apical Fe-O bonds with
differences between both structures. Then it will be possibleéespect to each othdthick lines in Fig. § related to the
to propose a more general interpretation of the structure udecation of the 2 screw axis between them.
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TABLE Il. Crystallographic parameters.
Atom X y z Ung Uz Ugs Usp U3 U3
Bi(a) -0.02451) 0.252 0.24491) 0.00785)  0.008710) 0.1187) 0.00? 0.00245) 0.00?
Bi(b) 0.023121) 0.735%5) 0.335@1) 0.00915) 0.008210) 0.00947) -0.00097) 0.00184) -0.00039)
Bi(c) 0.063@&1) 0.26726) 0.41631) 0.00695) 0.011311) 0.01247) 0.00? 0.00114) 0.001@1D
Bi(d) 0.103@1) 0.72185) 0.49981) 0.00775  0.0092100 0.010%7) 0.00087) 0.00184) 0.00129)
Bi(e) 0.13671) 0.27845) 0.58281) 0.008%5)  0.012812) 0.012%8) 0.000&7) 0.004@5) 0.000710)
Bi(f) 0.16581) 0.73616) 0.66891) 0.00926) 0.014311) 0.00978) 0.00? 0.00335) 0.00?
Sr2a)  0.44192) 0.752 0.366%2) 0.016714) 0.0052) 0.010316) 0.002 0.002 0.00%
Sr(2b)  0.482%2) 0.246%7) 0.45542) 0.010911) 0.007%18 0.007713 0.002 -0.00169) 0.00%
Srla) 0.38562) 0.246210) 0.27672) 0.025616) 0.0122) 0.009417) -0.003718) 0.004413) 0.00%
Sr(lb)  0.17622) 0.252 0.31092) 0.0205314) 0.00712) 0.008%15) 0.002 -0.001411) 0.00%
Sr(1c) 0.22322) 0.756%9) 0.39591) 0.015311) 0.00712) 0.007814) 0.002315) -0.00511) 0.002617)
Sr(ld)  0.26232) 0.252 0.48141) 0.01431)1) 0.0092) 0.008414) 0.002 0.002 0.00%
Sr(le) 0.29792) 0.758112 0.568491) 0.017712 0.005219 0.008814) 0.002 -0.001810)  -0.0054)
Sr(1f)  0.329713) 0.253313) 0.65512) 0.0382) 0.0082) 0.009715) 0.002 -0.003812) 0.00%
Sr(3a) -0.20918) 0.7284) 0.24456) 0.031) 0.021) 0.041) 0.0087) 0.002 0.01410)
Sr(3b)  -0.1596€3) 0.739311) 0.24422) 0.0242) 0.0013) 0.0122) 0.00? 0.002614) 0.00?
Fe(@) 0.28263) 0.752 0.29332) 0.0233) 0.010G4) 0.0053) 0.00? -0.0042) 0.00?
Fe() 0.33293) 0.253315  0.38022) 0.0082) 0.0043) 0.0093) 0.0032) 0.00? 0.0043)
Fe(c) 0.37083) 0.752 0.46882) 0.0072) 0.0114) 0.0073) 0.00? 0.00? 0.00?
Fed) 0.40663) 0.252 0.55762) 0.0012) 0.01Q03) 0.0093) 0.00? 0.00? 0.00?
Fe() 0.440%3) 0.752 0.65012) 0.0182) 0.0143) 0.0353) 0.00? -0.0052) 0.00?
Atom X y z Uso
O(1a) 0.2483) 0.50? 0.25016) 0.0155)
O(1b) 0.3012) 0.00? 0.337716) 0.01%6)
O(2b) 0.2942) 0.50? 0.337@6) 0.0062)
O(1c) 0.3432) 0.00? 0.424211) 0.0042)
O(2c) 0.3413) 0.502 0.428316) 0.0168)
O(1d) 0.3813) 0.002 0.516713) 0.01%5)
O(2d) 0.3753) 0.502 0.512613) 0.0074)
O(1e) 0.4143) 0.002 0.599817) 0.02910
O(2e) 0.41%13) 0.502 0.606413) 0.0114)
O(1f)  0.445916) 0.002 0.691812) 0.0084)
O(2f) 0.4303) 0.502 0.693219) 0.02112
O(3a) 0.140Q16) 0.752 0.316311) 0.0187)
O(3b) 0.182@14) 0.2047) 0.402510) 0.0073)
O(3c) 0.224114) 0.77%9) 0.486410) 0.0084)
O(3d) 0.260914)  0.24011) 0.573%10 0.0135)
O(3e) 0.287315) 0.7849) 0.662511) 0.0177)
O(3f)  0.314817) 0.229100 0.757212) 0.0144)
O(4a)  0.398714) 0.752 0.274110 0.0133)
O(4b)  0.444211) 0.252 0.363514) 0.0185)
O(4c)  0.481919 0.7316) 0.453911) 0.0145)
O(5a) -0.0112) 0.6668) 0.270114) 0.02912)
O(5b)  0.037%16) 0.35Q7) 0.348@&1) 0.0125)
O(5c) 0.0782) 0.6447) 0.428%13) 0.0188)
O(5d)  0.111817) 0.3497) 0.504312) 0.0166)
O(5e)  0.141%16) 0.6647) 0.578811 0.0135)
O(5f)  0.167716) 0.3397) 0.662112) 0.0145)

AVere fixed during the refinement because their variation from the present values were insignificant.
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TABLE lll. Occupancy probabilities of different cationic sites. ribbons are not stacked exactly on top of each other, as was
the case in the modulated structure. This shift results in a

%Bi %Sr %Fe discontinuity of the mixed cationic (01Q)planes which are
Bi(a) 88.841) . 11.121) continuous in the modulated structure. Nevertheless, the Bi
Bi( ) 82.731) 17.270) . ribbon of the collapsed phase presents exactly the same con-
Si(la) - 1007 . figuration of double BiO chains running alorgy, as the
Sr(1b) 4.141) 95.861) ) Ealgil;vg(ls)r]lt part of thgBiO] layer of the modulated phase
Sn(l 6.81(1 93.191 - : )
S:((lg)) 8 2;(1; 91 7?(1; i The similarity between the collapsed and the modulated
St(le) 10.71) 89.301) i phase is further confirmed by the similarity of the Bi-O dis-

tances and the O-Bi-O anglé$able IV). Three of the bis-

zr(;f) ﬁgj(i) 87.692) i muth cations, Bif), Bi(c), and Bi(f ), are characterized by
r(3a) -031) ) i two short in-plane Bi-O distances, ranging from 2.05 to 2.24
Sr(3p) 4.821) 81.181) ) A (dark lines in Fig. 7, and one short out-of plane Bi-O
Fe(e) 16.442) - 83.562)

distance(perpendicular to th¢BiO] ribbon), ranging from
AVere fixed during the refinement because their variation from thez'03 t_o 2.08 A, Thus, the correspondln_g Cpordlnatlon can be
present values were insignificant. desc;nbed as a Bigh tetr_ahgdron, conS|der|_ng that the elec-
tronic lone pair of B{lll) is directed perpendicularly to the “

Three different coordinations are observed for the Sr at©s” plane, as schematically shown in Fig. 7. In this case, the

oms. The first two were already seen in the incommensurat@ehavior of Bip), Bi(c), and Bi(f ) is very similar to that

rock-salt-type structure between opigeQ,] layer and one BiOslL tetrahedral coordination was also observed. Neverthe-

[BiO] layer and Si2) has the 12-fold coordination character- €SS, it is worth pointing out that each of these atoms has an
istic of the perovskite-type structure betweentFeQ,] lay-  additional O atom located at 2.76-2.97(dray lines in Fig.

ers. S(3) presents an original eightfold coordination, which 7) S0 that the coordination of these three Bi cations can be
results from the particular location of this cation in the con-considered as intermediate between the tetrahedrajlBiO

tinuation of a row of Bi atoms. and distorted pyramidal BigL. The two cations, Bif) and
The stacking of two adjacent mixed layers results in theBi(€), have three short in-plane Bi-O distances, ranging
periodic arrangement of pairs of infinite Bi ribbons parallel from 2.05 to 2.46 A(black lines in Fig. 7 and one short
to the (001), plane[Fig. 5(&)]. These double ribbons are six Out-of plane Bi-O distance ranging from 2.06 to 2.08 A, so
atoms wide. Their bracketlike configuration is particularly that their lone pair is approximately directed aldngrig. 7).
visible in the HREM images$Fig. 2a in Ref. 19 The posi- Consequently, the coordination of these two atoms can be
tion of these double Bi ribbons is characterized by a relativadescribed as BiQ pyramids. The relative shift between two
shift of ~2.1 A. Hence, the Bi and O atoms of two adjacentadjacent Bi ribbons results in a very unusual configuration
for Bi(a): it is close to that of Fef) atom in the same mixed

Fe Sr Bi layer and is inserted between tiSrQ] interrupted layers.
C8Ce * + 80008 ¢ ¢ 8080 This Bi atom occupies an “Fe-type” position: it forms a
e seeellte junction with the adjacentFeQ,] interrupted layer by two
g:g:: ::g:z: ibd short bonds with O(f) and O(Z&) atoms of square planar
0808 ¢ s 00000 eceo iron (2.16—2.19 A. An intermediate Big)-O distance of 2.4
N ‘ :j:j A is achieved with the () atom belonging to the Bi)

A o° ecec tetrahedron. Thus, for this atom, one observes three short

: en in-plane Bi-O distances with a “BigY configuration similar
2 :g:g to that observed for other Bi in the chain. However, &i(

B ° eceo differs from the other bismuth atoms because of the exis-
. o tence of two apical Bi-O bonds, with the result that it is

e surrounded by five O atoms. This coordination can be de-
ecec scribed as distorted octahedral BIQ with the lone pair

’O;O forming the fourth vertex of the basal plane of this octahe-
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As has already been mentioned, the collapsed and the

Cm modulated phases show great similarities concerning the cat-
ion coordinations and the existence of specific cationic stack-
(@) (b) ing or layers.

According to the previous HREM study, the collapsed
FIG. 5. Structural comparison between the double-collapseghase has been interpreted as a regular stacking of two kinds
phase(@ (projection alongy) and the modulated phage) (projec-  of slices parallel tg001): only one slice D-2212 in Fig. §
tion alonga,,). Only cations are shown. is characterized by the cationic sequence of the 2212 modu-
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TABLE IV. Cation-oxygen distancegA) and O-Bi-O angles(®). Symmetry codes: Ix,y,z; Il

x—1/2,1/2-y,z—1/2; lll: 1/2—xy—-1/2,1/2-z, IV: x,y—1z; V: x,1+Y,z; VI. —x,1-y,1-z VI
1/2—x,1/2+y,3/2—z; VIIl: 1 —x,—y,1-z; IX: 1 —x,1-y,1-z7; X:1/2—x,3/2—y,z—1/2; XI: 1/2—x,1/2
+vy,1/2—z.
Bi(a)-O(1f)" 2.163) O(1f)"-Bi(a)-O(2f)" 782)
Bi(a)-0O(2f)" 2195 O(1f)"-Bi(a-O(3g)" 832)
Bi(a)-O(3a)" 2.163) O(1f)"-Bi(a)-O(3a)" 90(1)
Bi(a)-O(5a)' 2.415) O(1f)"-Bi(a)-O(5a)" 70(2)
Bi(a)-0O(3g)" 2.683) O(2f)"-Bi(a)-O(3g)" 7902)
Bi(a)-O(5a)"V 3.295) 0O(2f)"-Bi(a)-O(3a)" 97(2)
Bi(a)-O(5b)' 3.314) 0O(3g)"-Bi(a)-O(5a)' 90(2)
0(3a)"-Bi(a)-0O(5a)' 90(1)
Bi(b)-O(3b)' 2.093) O(3b)'-Bi(b)-O(5a)' 90(2)
Bi(b)-O(5a)' 2.054) O(3b)'-Bi(b)-O(5b)' 89(1)
Bi(b)-O(5b)' 2.134) O(5a)'-Bi(b)-O(5b)' 92(2)
Bi(b)-O(5b)V 3.434) O(5b)'-Bi(b)-O(5c)' 63(2)
Bi(b)-O(5c)’ 2.974) O(5b)'-Bi(b)-O(5f)' 89(2)
Bi(b)-O(5f)V! 3.193)
Bi(c)-O(3c)' 2.033) O(3c)'-Bi(c)-O(5b)' 91(1)
Bi(c)-O(5b)’ 2.134) 0O(3c)'-Bi(c)-O(5c)’ 96(2)
Bi(c)-O(5¢) 2.114) O(5b)'-Bi(c)-O(5c)' 88(2)
Bi(c)-O(5d)' 2.7894) 0O(5c)'-Bi(c)-0(5d)’ 69(2)
Bi(c)-0O(5c)Y 3.444) 0O(5d)'-Bi(c)-O(5e)' 102(2)
Bi(c)-O(5e)V! 3.41(3)
Bi(d)-O(3d)' 2.063) O(3d)'-Bi(d)-O(5c)' 90(2)
Bi(d)-O(5c)’ 2.224) 0O(3d)'-Bi(d)-O(5d)' 94(2)
Bi(d)-O(5d)' 2.054) 0O(3d)'-Bi(d)-O(5e)' 89(1)
Bi(d)-O(5e)' 2.464) O(5c)'-Bi(d)-O(5d)' 832
Bi(d)-O(5d)Y 3.454) 0O(5d)'-Bi(d)-O(5e)' 78(2)
Bi(d)-O(5d)v! 3.563)
Bi(e)-0O(3e)' 2.0893) 0O(3e)'-Bi(e)-0O(5d)' 92(1)
Bi(e)-0O(5e)' 2.124) 0O(3e)'-Bi(e)-O(5e)’ 93(2)
Bi(e)-O(5d)’ 2.424) 0O(3e)'-Bi(e)-O(5f) 88(1)
Bi(e)-O(5f)’ 2.454) 0O(5d)'-Bi(c)-O(5e)' 78(2)
Bi(e)-O(5e)"v 3.3714) 0O(5e)'-Bi(e)-O(5f)! 85(2)
Bi(e)-O(5¢c)V! 3.573)
Bi( f)-O(3f)' 2.033) O(3f)'-Bi(f)-O(3g)"" 89(2)
Bi( f)-O(3g)V" 2.244) O(3f)'-Bi(f)-O(5e)' 93(2)
Bi( f)-O(5f)' 2.194) O(3f)'-Bi(f)-O(5f)' 96(2)
Bi( f)-O(5e)’ 2.764) O(5e)'-Bi(f)-O(5f)' 77(2)
Bi( f)-O(5f)V 3.314) O(3g)Y"-Bi(f)-O(5f) 94(2)
Bi( f)-O(5f)V! 3.423)
Sr(2a)-0(1b)Y 2.81(4) Sr(2b)-O(1c)! 2.803) Sr(1a)-O(2a)' 2.774)
Sr(2a)-0(2b)' 2.903) Sr(2b)-O(2c)' 2.8%4) Sr(1a)-O(2a)" 2.694)
Sr(2a)-0(1c)V 2.7713)  Sr(2b)-0(1d)' 2.854) Sr(1a)-O(1b)' 2.693)
Sr(2a)-0(2c)’ 2.875) Sr(2b)-O(1d)"" 2.744) Sr(1a)-O(2b)' 2.773)
Sr(2a)-0O(1e)™ 2.904) Sr(2b)-0O(2d)' 2.864) Sr(1a)-O(5a)" 2.574)
Sr(2a)-0(2e)* 2.843) Sr(2b)-0(2d) 2.894) Sr(1a)-O(4a) 2.763)
Sr(2a)-O(1f)™* 2.91(3)  Sr(2b)-O(1e)"" 2.774)  Sr(1a)-O(3b)" 2.834)
Sr(2a)-0(2f)™* 3.125) Sr(2b)-O(2e)™* 2.934) Sr(1a)-O(3a)"V 2.7296)
Sr(2a)-0(3a)' 2.853) Sr(2b)-O(4a)' 2.824) Sr(1a)-O(3a)’ 2.7706)

Sr(2a)-O(4a)' 2.741)  Sr(2b)-O(4b)V 2.824)
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TABLE IV. (Continued.

Sr(2a)-O(4a) 2.741) Sr(2b)-0(4b)' 2.664)

Sr(2a)-0(4b)' 2.704) Sr(20)-0(4b)™ 2.794)

Sr(1b)-0O(2a)' 2.595) Sr(1c)-O(1b)V 2.573) Sr(1d)-0O(1c)’ 2.5973)
Sr(1b)-O(2a)" 2.635) Sr(1c)-0(2b)' 2.5502) Sr(1d)-0(2c)’ 2.494)
Sr(1b)-O(1b)' 2.593) Sr(1c)-0O(1c)Y 2.523) Sr(1d)-O(1d)' 2.60(4)
Sr(1b)-0O(2b)' 2.503) Sr(1c)-0(2c)' 2.564) Sr(1d)-0(2d)' 2.473)
Sr(1b)-0O(3b)"V 2.7975) Sr(1c)-0(3b)' 2.703) Sr(1d)-O(3c)’ 2.7003)
Sr(1b)-0(3b)' 2.7975) Sr(1c)-0(3c)’ 3.11(4) Sr(1d)-0(3d)" 2.71(5)
Sr(1b)-0O(3c)’ 2.773) Sr(1c)-0(3c)Y 2.554) Sr(1d)-O(3d)' 2.935)
Sr(1b)-O(3a)" 2.81(3) Sr(1c)-0O(3d)’ 2.723) Sr(1d)-0O(3e)’ 2.773)
Sr(1b)-O(5b)' 2.6413) Sr(1c)-0O(5c)’ 2.694) Sr(1d)-O(5d)" 2.653)
Sr(1e)-O(1d)V 2.494) Sr(1f)-O(1e)' 2.594) Sr(3b)-O(1f)" 2.71(4)
Sr(1e)-0(2d)’ 2.57(4) Sr(1f)-0(2e)’ 2.434) Sr(3b)-0(2f)* 2.595)
Sr(1e)-0(1e)Y 2.494) Sr(1f)-O(1f)! 2.593) Sr(3b)-O(3f)* 2.594)
Sr(1e)-0(2e)’ 2.5913) Sr(1f)-0(2f)" 2.41(5) Sr(3b)-0(3g)" 2.563)
Sr(1e)-0O(3d)' 2.743) Sr(1f)-O(3e)’ 2.693) Sr(3b)-0O(3g)" 2.636)
Sr(1e)-0(3e)’ 2.91(6) Sr(1f)-0(3f)"V 2.675) Sr(3b)-0(3g)* 2.976)
Sr(1e)-0(3e)Y 2.71(6) Sr(1f)-O(3f)' 3.005) Sr(3b)-O(5a)’ 2.584)
Sr(le)-O(Sf)'I 2.834) Sr(lf)-O(Sg)l' 3.094) Sr(3b)-O(5f)! 2.864)
Sr(1e)-O(5e) 2.653) Sr(1f)-0O(5f) 2.723)

Fe(a)-O(2a)' 1.974) Fe(b)-O(1b)' 1.952) Fe(c)-O(1c)V 1.963)
Fe(@)-0(2a)* 1.954) Fe(b)-O(2b)' 1.952) Fe(c)-O(2c)’ 1.893)
Fe(@)-O(1b)V 1.932) Fe()-O(1c)' 1.923) Fe(c)-O(1d)Y 1.993)
Fe(a)-O(2b)' 1.922) Fe(b)-O(2c)' 1.994) Fe(c)-O(2d)' 1.9033)
Fe(a)-O(3b)' 2.4013) Fe(b)-O(3c)’ 2.61(3) Fe(c)-O(3d)' 2.4903)
Fe(a)-O(3a)' 2.01(3) Fe(b)-O(4a)' 1.91(3) Fe(c)-O(4b)' 1.903)
Fe(d)-0O(1d)' 1.8973) Fe(e)-O(1e)V 2.084)

Fe(d)-0(2d)' 1.993) Fe(e)-O(2e) 1.963)

Fe(d)-O(1e)' 1.874) Fe(e)-O(1f)V 1.853)

Fe(d)-O(2e)' 2.004) Fe(e)-O(2f)' 1.904)

Fe(d)-O(3e)' 2.4603) Fe(e)-O(3f)' 2.573)

Fe(d)-O(4b)™ 1.8903) Fe(e)-O(4a)™ 1.953)

lated phase. Our present results agree with this interpretation,
regardless of the previously mentioned shift between Bi rib-
bons. Moreover, two successille2212 slices are related to
each other by a 2screw axis, and not by a simple transla-
tion. The resulting structure cannot, therefore, be described
as a pure sheared structure. The second kind of skci (
Fig. 6), which corresponds to the two adjacent &g Oc-
tahedra of the Fe ribbons, was interpreted as a zone allowing
the accommodation of the proposed shearing mechanism. All
the original Fe@), Sr(3), and Bi@) environments are local-
ized in this slice.

More accurately, the relative cationic positions are exactly

the same in infinite atomic blocks along theor along the

a,,, directions of both structures. These blocks, labéledre
drawn in Fig. 5. They consist of a stacking of ribbons of 6
Bi, 6 Sr, 6 Fe, and 6 Sr atoms and correspond to a half slab
of the modulated phase between the two disordered diluted
regions, labeledB.

The difference between the two structures is in how these 15 6 scheme of the Fe-O bonds in the double-collapsed
elementary blocks are connected. In the modulated phasgpase. The thick and thin dark segments symbolize the shorter and
the blocksA andB are djrectly stacked on top of each other the |onger Fe-O distances, respectively. The dashed lines outline the
in the same directiong,,, forming the cationic (01Q) D-2212 andE slices(see text
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FIG. 7. Connection between the Fe@iO, and SrO ribbons
within a same mixed layer. Both the bonding scheme and the ar-
rangement of the Bi polyhedra including the electron lone pairs are
shown. The dark, dark grey, and pale grey segments symbolize the
strong, intermediate, and weak bonds respectively.

441
planes. On the contrary, two adjacent blocks are shifted with ~ :
respect to each other by a translatior[Fig. 5a)] in the Py
double-collapsed one. : JHEER

The blocks labele® [Fig. 5(b)], present in the modulated i AT :.,__;
phase, are missing in the collapsed phase: these blocks are L Bovoals DIELY,
characterized both by a static disorder phenomenon which ’ ‘_.m;ﬂm_;‘g;giﬁ{:“;ﬁ
was observed in the modulat¢BiO] layer$ and by an al- (a)

most regular octahedral environment of the Fe atom, with
apical Fe-O distances shorter than 2.2 A. We can now see
that in the collapsed phase there is no any disorder phenom-
ena in the double Bi ribbon or any apical Fe-O distance
shorter than 2.4 A.

Other differences can also be noted. First, there are now
common atoms, corresponding to the two middled}€)
octahedra of thgeFeQ,] ribbons, between thA blocks. Sec-
ond, two supplementary Sr atori1(3)] are located between
the four A blocks and have no equivalent in the modulated
phase. They are characterized by an original eightfold coor- )
dination which is likely to play a part in the bonding scheme

of this zone(Fig. 8). Third, the Bi@) atom also has a very  FIG. 9. (a) [010] HREM image. The cation positions are imaged
as dark dots. The framed area outlines a zone where the number of

Bi atoms, within a ribbon, is varyingib) Calculated image of a
perfect structure with oval shaped ribbons 6 Bi wide. The contrast is
the same as that of the experimental image. The crystal thickness is
15 A and the focus value-260 A (close to the Scherzer value

The nature of the cations is indicated.

unusual configuration as a result of its position between
Fe(@) and two S¢3) atoms(i.e., between the two ;2axes.
These three differences give rise to the existence of “accom-
modation slice€” parallel to the (001) plane.

C. Nanostructure

An HREM study was performed on the powder samples
and on the single crystal used for the present stidyhe
contrast was interpreted using the simulated images calcu-
lated from the refined positional paramet€fable I). Dif-

FIG. 8. Projection alon§010] of the accommodation zone out- ferent types of defects were characterized. No diffuse streaks
lining the part of S{3) atom in the bonding scheme. Only the O were observed in the ED patterns, for the single crystal, in
atoms bonded to §3) and Feg) atoms are represented. agreement with the x-ray observations. In the present
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sample, the observed defects consist mainly in local variatiodimensional periodicity, but their structures were not yet
of the contrast. An example of tH®10] HREM image is clarified. The present study allows an accurate description of
given in Fig. 9a), where the heavy electron density zones areghe original structure of the collapsed Bi-2212 phase
imaged as dark dots. In the ideal structure, one observeBig, ,Sry_,F&0, and a comparison with the incommensu-
double Bi ribbons which are 6 Bi widfFig. 9b)]. In the rate phase.

experimental image, double Bi ribbons of variable lengths In contrast with the modulated compound, this phase ex-
are observedshown in Fig. 9. Such defects are expected to hibits mixed cation layer&Bi-Sr-Fe. The arrangement of the
induce two effects: either the existence of supplementary Betorresponding ribbons and the cation locations form atomic
sites, with a partial occupancy, near both thedjefnd St3)  blocks (labeled A) which are also present in the Bi con-
sites in coincidence with the bracketlike Bi ribbons longerdensed regions of a half slab of the modulated phase. Two
than 6 Bi atoms, or the existence of supplementary partiallyadjacentA blocks are shifted with respect to each other. Two
occupied Sr and Fe sites near thed&i@nd Bi(f ) sites of  supplementary Sr atoms, the commonadj€l; octahedra be-
the bracketlike Bi ribbons which are shorter than 6 Bi atomstween theA blocks and the Bi) atoms in their intermediate
These defects are then likely to explain the difficulties en-configuration form an “accommodation sli€e” the mixed
countered in determining both the positions and the occupareation layers are then formed. The atorBicblocks, corre-
cies of the atomic sites Fe), Si(3), Bi(a), and Bi(f ). sponding to the main disordered regions of the incommensu-

In the same way, contrast variations in the HREM imagesate phase, are missing in the collapsed compound, with the
are observed near Bif. Such a feature was correlated to aresult that the corresponding structural static disorder does
local substitution of Fe for Bi on the Bi) site’® The effect not appear in the collapsed phase where only localized dis-
of these localized defects are visible mainly in the accommoerders could be observed.
dation zones. In fact, they are likely to induce relatively large  One can easily imagine that the structural features of the
values for the thermal displacement parameters observaatesent collapsed phase also characterize the other known
during the refinement. These values are the result of smatlollapsed compounds and particularly those in the Bi-Sr-
displacements of the Bi atoms, depending on their relativeCu-O system. These phases also present mixed cationic lay-
location in the global Bi sequence, and are artificially in-ers and their junction can be interpreted on the basis of the
creased by the existence of a static component. structural description of the “accommodation slice” of the

As it is well known, there are strong correlations betweenpresent phase. The analogy both with the corresponding Bi-
the occupational and the thermal parameters. Coupled witBr-Ca-Cu-O and Bi-Sr-Fe-O modulated phases and with the
the occurrence of many localized faults within the crystal,collapsed Bi-Sr-Fe-O phase is a useful indication as to the
this prevents an accurate determination of the composition adctual structure of the Bi-Sr-Cu-O collapsed compounds. For
the collapsed phase. example, the disordered region in the modulated compound

The relatively high value of the reliability factor Bi,Sr,CaCyOg, 5 (Ref. 2 is shorter than in the related iron
R=0.069 is likely to be related to the presence of the localphase, so the ordered Bi ribbons are longer. As expected, the
ized defects observed inside the crystal. Unfortunately, it isbserved Bi ribbons of the BiSr,gCu;7Ogg. s (Ref. 5 col-
not possible to take into account such effects within an aviapsed phase are longer than in thg.BBry_,Fe;0,s com-
erage model. pound.

We obtained the chemical formula Bbrg /60,6 in- The main conclusion of the present study and of the pre-
stead of the ideal composition f8ryFe;0,5 when any sub-  vious studies of the Bi-Sr-Fe-O system is the existence of
stitution phenomenon is excluded. The electron probe microvery close structural analogies between the Bi<&a-Cu-O
analysis of some crystals leads to a Sr/Bi ratio equal tand the Bi-Sr-Fe-O systems and between the related modu-
1.338). This is close to the ratio Sr/B+ 1.27 obtained for lated and collapsed phases. It emphasizes the interest in
the chemical formula BigSrs 4F650,6. The results for the studying the iron phases which are more easily synthesized
iron atom are also in reasonable agreement with the compas single crystals and which allow a more accurate compre-
sition refined from diffraction data. hension of the structural features of these phases.

V. CONCLUSION
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