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Simple and double modulations in By_,Pb,Sr,CaCu,Og 5
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Two single crystals of the Pb-doped hidh-superconductor Bi,PhSr,CaCyOg. s phase have been
isolated withx=0.4 and 0.2. In the first case, the structure is monoincommensurately modulated with the
so-called Pb-type modulatiomy(=0.11*). In the second case, the structure is characterized by a double
modulation ¢,=0.2b*+c*; q,;,=0.1%*). The two modulated structures have been refined from single-
crystal x-ray diffraction data using the four- and five-dimensional superspace groups’ formalism, respectively.
Considering these substituted phases and the well-known lead-free phase, the same symmetry is observed for
their average structures, while their structural modulations exhibit significant discrepancies. Different disor-
dered regions are characterized in relation to the modulation period. The results are confirmed by high-
resolution electron-microscopy observations. The relative structures are compared with each other and the
structure of the lead-free phase, particularly about the stacking scheme of the structural layers.
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[. INTRODUCTION become independent satellite reflections for a second type of
modulation that has been called the Pb-type modulation su-
Bi-based highF. superconductor oxides have beenperimposed to the classical Bi one. This leads to the second
widely investigated over the last twelve years for their inter-explanation for these diffused intensities: they are related to
esting structural and physical properties. Especially in thea new type of modulated structure. This Pb-type modulation
(Bi,Pb)SrCaCuO system, several structural models havés then characterized by a new modulation vectyy
been proposed for the lead-free,B8i,CaCuyOg., s phases®  =0.12* without any rational component along [Fig.
in order to describe in a proper way complex modulationl(b)]. With increasing Pb rate, electron-microscopy studies
phenomena. The corresponding very large modulated didiave shown that the first modulation disappears, with diffuse
placements can be only roughly approximated in a supercefir absent Bi-type satellite reflections, and the structure can
model, and so need an appropriate description in the supethen be described only by this new type of modulafiBig.
space formalism for aperiodic structures. It is now well es-1(c)]. No structure refinement of this new modulation has
tablished that there is no direct correlation between supemeen proposed for the moment, but hypotheses can be pro-
conductivity and incommensurability in these compoundsposed taking into account a new stacking scheme of the
Nevertheless, it appears that small variations of stoichiomstructural cationic slaB&*’or relative shifts of the slabs with
etry can induce slight structural modifications and simultarespect to each other, as evidenced by TEM
neously significant changes of the physical properties, and sabservations>'8These explanations are also related to some
it is important to give a better insight into this complex struc-descriptions of the 2212 phase using a monoclinic symmetry,
ture as a function of oxygen content or cationic substitutionsprobably resulting from this type of mutual layer sHitt
It is also well known by different characterizations that In the intermediate range where the two types of satellite
this structure involves different kinds of structural defects,reflections are simultaneously observed, a question arises re-
which can be in close relation with the displacive or substi-garding the independence of both modulations. Indeed, one
tutional modulation waves and can also have an effect uponan easily imagine the existence of independent modulated
physical properties. One of the signatures for such structuralomains. But this last hypothesis was discarded because the
defects lies in the observation made on the diffraction patobservation of additional intermodulation satellite
terns of diffuse scattering between usual satellite reflectiongeflectiond®2?°#'proved the existence of a doubly modulated
predicted by the structural modeh,&0.21b*+c*) [Fig.

1(a@)], lying now at forbidden nodes of the four-dimensional . . e ok Kook
reciprocal lattice. Different hypotheses have been giventc ¢ .. o - 00 00000 00s 000
explain their origin, and two main and contradictory conclu- . o e Kok Hodcken

sions have been proposed. e - o - 005 2000~ 00> 000
First, they can be related to the crystal quality and prepa-c*I ¢ c*t’* Aoddk ok °*I
ration only. Arguments for this explanation maintain that b* ’ b oo o
these diffuse intensities depend on the observed samples ar
their mosaic spreaf® Nevertheless, their systematic obser-
vation, even in high-quality samples, outlines their intrinsic  F|G. 1. Schematic representation of diffraction pattern corre-
charactef. Moreover, a lot of studies have shown that sponding to(a) modulation! (dark circles; first- and second-order
these un_explalne(lizdllffusmns clearly depend on the substitusatellite reflections (b) double modulation(stars represent inter-
tion of Bi for Pb!?'° They become sharper and one ob- modulation satellitds and(c) modulationl| (open diamonds; first-
serves an important increase in the modulation period. Thegnd second-order satellite reflectipns

(a) (b) (©)

0163-1829/2001/621)/21451111)/$20.00 63214511-1 ©2001 The American Physical Society



JAKUBOWICZ, GREBILLE, HERVIEU, AND LELIGNY PHYSICAL REVIEW B63 214511

state. However only qualitative interpretations of these re- Crystal B(0.3x0.06x0.014 mni) presented a diffrac-
flections could be given and the modulated structure has naion pattern characterized by three sets of satellite reflections,
been refined. respectively, in positiom;”, ¢, , andg,=q, [Fig. (b)]. A

Such a double-modulation state has also been observed igast-square refinement @nvalues of 20 reflections lead to
the case of the 2201-type structure and a structural refingy, =0.200(3)*+c¢* and g, =0.150(2)* for modulation!|
ment has been proposed in this c&stgading to relatively and I, respectively. Additional reflections compared with
poor agreement factors. One of the conclusions of this studihe usual diffraction pattern outlined the presence of 90°
was the “in-phase stacking” of the successive layers, cortwin domains in the crystal, according to the pseudotetrago-
roborating the model proposed by Tdémo etal,’” but  nal character of the cell. EDS analyses had been performed
some interatomic distances or modulated displacements cah this preparation and gave the cationic composition
be considered as doubtful in this study. Bi,Phy »sS1; -4 aCu. No trace of Al was detected.

In the present study, a single crystal of the highly Pb-  For both crystals, the intensities of the main and satellite
doped phase has been synthesized and characterized by {aflections up to second order were measured at room tem-
specific diffraction pattern of the Pb-type modulatiomodu-  perature using a CAD4 Enraf-Nonius diffractometer. The ab-
lation vector g, =0.11b* without any rational component sence of any rational component and the small irrational
alongc®). The structure refinement of this phase from x-ray-value of theq, modulation vector implied that main and
diffraction data allows us to describe this modulation alonesatellite reflections were very close in reciprocal spdgg.
and to compare it with the usual Bi-type modulation. Then,1). As a consequence, it was not possible to separate the
starting with the knowledge of these two independent moducorresponding contributions using Mo & radiation. The
lations, it was possible to initiate in a proper way the modu+wo collections were then measured using Cu Kadiation
lated displacements characteristic of the double—modulate(jl_5418 A).

2212 phase, using another single-crystal x-ray-diffraction For the double modulatioerystalB) three data sets were
data set. A new structure refinement was then pOSSible, USiﬂgdependenﬂy recorde(ai:) main reﬂections(ii) satellite re-
the five-dimensional5D) superspace formalism to take into flections for modulationl (+q,, *+2gq,), and (iii) second-
account specifically the different classes of satellite reflecyrger satellites of modulation (+2q,) and intermodulation

tions. satellite reflections q,+q, ). Experimental data for both
crystals are summarized in Table I.
Il. EXPERIMENTAL PROCEDURE Electron-diffraction study was carried out with a JEOL

200CX electron microscope working at 200 kV. High-
Single crystals of Bi_,PbSr,CaCyOg 5 (x=0.2 and  resolution images were taken with the microscope TOPCON
0.4) were prepared by the self-flux method from a mixture002B that had a resolution of 0.18 nm.
of Bi,O3, SrCg;,, CaCQ, CuO, and PbO in the propor-
tion Bi:1.4:Pb:0.6:Sr:2:Ca:1:Cu:2 for crystalA and
Bi:1.7:Pb:0.36:Sr:1.3:Ca:1.3:Cu:2 for crysl The precur- IIl. STRUCTURAL REFINEMENTS
sor materials were first decarbonated at 800 °C for 12 h. The according to the incommensurate character of the struc-

resulting powders were then heated at 1010 °C for crystal tyres, the superspace formalism for modulated structures was
and at 1040°C for crystéd in an aluminum crucible, then ysed?® The atomic modulated displacements are ex-

cooled down to room temperature. pressed by their Fourier expansion as a function of the inter-
A platelet single crystal could be extracted from eachnal parameters,=q;-r andxs=g - I, as

preparation. Crystal quality was tested using a Weissenberg
camera. A first estimation of crystal parameters and symme-
try was then obtained.

Crystal A(0.24x 0.22<0.012 mmi) showed a diffraction
pattern with satellite reflections in position OH1[Fig.
1(c)], corresponding to the modulatidih (also called Pb-
type modulation Weak diffuse scattering in positiog, ,
corresponding to modulation was observed. The presence 2
of some additional disorder was determined from the obser-
vation of diffused streaks. Energy dispersive spectroscop herer is the averade atomic position in a aiven unit cell
(EDS) analyses confirmed the presence of lead in a constan . 9 Ic posttion | given uni

- .- —andp andq are integers.
ratio for Pb/Cu of 0.2. No trace of Al due to a contamination In the same way, the site-occupation and the thermal
by the crucible could be detected, in the limit of accuracy ofa omic displacement’ parameters can be modulated, respec-
the analysis technique. The cationic compositions varied bet'ively as '
tween two extreme limits, namely, BjPh, ,Sr; g=Ca Cly ’
and B Pl sSr,Ca Cu,, according to the samples. These

(x4 X5)= 24 Ay qSin 2m(pXa+ Gxg)

+ 2, B} qCOS2m(pXs+Qxs), i=1-3,
p.q

analyses showed that there was a significant calcium defi- P(x, ;):2 [C, , sin 2m( X+ Ox0)

ciency with regard to the ideal composition 2212 as well as a aiel e bpa T\PXa T AXs

possible Sr/Bi balance. Note that no straightforward varia- -

tion of theq value had been correlated to the cation contents. + Dy g COS 2m(PXs+0Xs) ], 2
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TABLE |. Experimental data.

CrystalA CrystalB
Chemical formula Bi 6Pt 4S5, 0Ca.88CU2.0505.03 Bi1.gPy 251 6Ca.oClp O 1
Crystal size (nn?) 0.240x0.22x 0.012 0.30x 0.060x 0.014
a=5.4031(7) a=5.395(1)
Cell parametergA) b=5.3759(5) b=5.405(1)
c¢=30.779(5) ¢=30.772(5)
T(K) 294

Modulation vector [0,0.11Q1),0] [0,0.20@3),1]
[0,0.15@2),0]
Superspace group BbmK(030)00s Bbmi031,0y0)000,08
z 4

Data collection CAD4 Enraf-Nonius diffractometer

Wavelength(A) N (CuKa)=1.5418

Absorption coefficient (cm?) 1014

Registered space h:0,6.k: —6,6;1:0,38m:—2,2 h:0,6k:0,6;1:0,38m:—2,2;n: —1,1
Number of measured reflections 10170 7284
Number of reflections with>3a (1) 1193 1752
Number of refinement parameters 107 126
R,wR(hklIm) 0.062, 0.070 0.063, 0.061
R,wR(hkl0) 0.069, 0.071 0.044, 0.044
No 400 404
R,wR(hklI1) 0.052, 0.061 0.062, 0.066
N1 602 911
R,wR(hkl2) 0.095, 0.132 0.132, 0.151
N, 191 437

=2n, Okim:k=2n, and hkOm:k+m=2n) are compatible
with the superspace grodpbmi(080)00s (Table Il). This
group differs from the corresponding oBdomi(081) ob-
served for the nondoped compound, first by the absence of
any rational component for the modulation vector and sec-

Structural refinements were performed using the JANA9gPNd by the internal translation associated with the glide mir-
package for modulated structurésModulated displace- ror b, orthogonal to thee direction. Actually, when consid-
ments were initiated from the known values for the pureering the symmetry constraints for the atoms in special
phase positions in the structure, these two new features are corre-
lated in order to allow similar modulated displacements as in
the Pb-free 2212 phase.

) ] ) In the previous refinement of the undoped 2212 cuprate

The modulated structure of thIS CryStaI WaS_I’efIned N thq)hase’ it was necessary to introduce a Sp”t_atom mode| for
four-dimensional superspace formalism usingxbénternal  Bi outside the mirror plane perpendicularyand an occu-
parameter. The observed reflection conditioh&lm:h+| pation modulation of the corresponding sites. Such a splitting

Ul (x4,%5)= >, [ull ;Sin 2(pXa+qXs)
p.q

+l)ipj’q oS 2m(PX4+0Xs) ]. (3

A. The Pb-type monoincommensurate structure(crystal A)

TABLE Il. Symmetry operations for superspace groups Bbnfd(p (lead-free phage Bbmb(080)0ss
(crystalA), and Bbmb(@1,0y0)000,0& (crystalB).

Bbmb031) Bbmb030)00s Bbm{0,31,0y0)000,08
(3.05.5)+ (3.03,00+ (3.03.3.0)+
X,Y,Z,Xy4 X,Y,Z,Xg X,Y,Z,X4,X5
—X,Y+3,2,X —X,Y+3,2,Xs —X,Y+3,2,X4 X5

X, —Y,Z,~ X4 X,—Y,Z,—Xs+ 3 X,~Y,Z,~ Xg,~Xs+ 3

—X,—Y+32.2,— X,
+ Inversion centre

—X,—y+3,2,—Xs+3
+ Inversion centre

—X,—Y+3,2,—X4,— X5+ 3
+ Inversion centre
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TABLE Ill. Refinement results for crysta: positions @; ,B;) and occupationsA/ ,B/). 0* were fixed
during refinement because they were not significahtai@ constrained by symmetry.

Ao(Po) A1(Cy) B1(D3) Az(C2) B2(D>)
Bi u; 0.22871) 0* 0* 0.00072) 0.00232)
U, 0.52252) -0.01833) 0.03726) -0.01412) -0.00395)
Ug 0.051374) 0.0086@3) 0.002476) 0.002824) 0.000994)
P 0.5111) -0.32719) 0* 0* 0*
Sr u; 0.25282) 0* 0* 0* 0*
U, 0.0071) -0.0079) 0.0231) -0.00336) -0.0111)
Uz 0.139013) 0.008717) 0* -0.00092) 0.0003%5)
P 0.4882) 0* 0.21(1) 0* 0*
Ca Uy 0.25 o of o' of
U, of of of 0* of
Uz 0.25 0.00981) of o' o'
P 0.8642) of of of -0.0264)
Cu Uy 0.25063) 0* of of 0*
U, 0.5 o' 0.00872) -0.002a4) of
Us 0.195974) 0.0086%7) of of 0.000298)
oc1 Uy of of of
U, 0.25 o 0.0102)
Uz 0.19752) 0.00954) of
oc2 Up 0.5 o' 0*
U, 0.25 o 0.0102)
Uz 0.19892) 0.00894) of
oS u; 0.2993) -0.0252) 0.0356)
U, 0.4524) 0.0262) -0.0055)
Uz 0.11632) 0.00683) 0*
P 0.521) 0.051) -0.433)
OB u; 0.1384) 0.0043) 0.0235)
U, 0.1134) -0.0383) 0*
Ug 0.05473) 0.01045) 0*
= 0.4411) 0.11(2) 0.391)

for Bi is also involved in crystalA. Moreover, it appeared ditions previously observed for the two independent monoin-
that such a splitting was also necessary for Sr and for theommensurate structures are still observed, resulting now in
oxygen atoms OB and OS of ti8iO] and [SrO] layers,  a five-dimensional centering of the c€.5, 0, 0.5, 0.5, D
respectively. The corresponding sites are symmetry relateihd in  the five-dimensional  superspace  group
and are characterized by complementary occupation fU”‘Bbme,@l,OyO)O,O(B (Table 1. Note that the four-
tions, so thatl accordln_g to the internal phase of the.mOdm‘f’dimensional superspace groups of the independent monoin-
tion, these different sites can be alternately occupied. Thigommensurate structures are subgroups of the 5D superspace
point will be discussed further. group of the double-modulated structure.

Anisotropic thermal motion parameters were taken for Resylts concerning the first modulation are well known.
cations and isotropic ones for oxygen atoms. A modulationsyctural refinement of the second structural modulation has
of these terms was also introduced for Bi, Sr, and Cu atomyeen performed with crysta. All these results have been
A substitution of Bi for Ca was also introduced and lead to a,se( for initiating positional and occupational Fourier terms
substitution rate of 14%. This result is compatible with thej, the present 5D study, neglecting in a first step coupled
measured compos.|t|o'n. In the lead-free 'cuprate phasez therms involving both modulations simultaneously. Then,
same type of substitution was observed with a weaker refineghage coupled terms were refined in order to take into ac-
rate of approximately 7.8%. The final agreement factors wer@oynt the measured intensities of intermodulation reflections
R=0.062, R,=0.069, R;=0.052, andR,=0.095 for main  \ith m=+1 andn=+1 simultaneously.
reflections and first- and second-order satellites, respectively. According to the observed Fourier maps and to the previ-
Refinement results are reported in Tables Ill and IV. ous structural results, a similar split-atom model was intro-
duced for Bi and OB atoms in tH8iO] layers characterized
by a harmonic occupation modulation. One could expect the

The average structure is still characterized by the sampresence of vacancies for the oxygen sites OS of 18]
symmetry space groupbmh The respective reflection con- layers, but the limitations of the JANA98 software in the 5D

B. The double-modulated structure(crystal B)
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TABLE IV. Thermal displacement parameters for crystal ~One can notice here that the agreement concerning the
A(A?). 0" were fixed during refinement because they were notintermodulation satellite reflections witm=+1 and n=

significant. 0 are constrained by symmetry. +1 is quite satisfactory and directly depends on intermodu-
: lation terms involvingx, = X5 in the Fourier expansion of the
Uo sinl cosl modulation functions. The refinement results are given in
Bi Ueq 0.01721) Tables V-VII.
Uy 0.02293) -0.00363) -0.0061)
Uy,  0.01823) 0 -0.00936) IV. DISCUSSION
Uss 0.01042) -0.004G2) -0.00535) A. The monoincommensurate modulated structure of
Uz 0* 0.00317) 0~ Bi; ¢Pbyg 4Sr,Cag CU,Og
313 _0'089 2 0 0(())213) :g'ggigg The structure of crystah is closely related to the well-
S U23 0.01954) ' ' known 2212 modulated structu?eThe average structure is
Ueq 0'013 46) 10.00156) o* the same with the same stacking along théirection of
1 ' ' BiO-SrO-CuQ-Ca-CuQ-SrO-BiO slabs. But the absence of
Uz 0.0221) -0.01547) -0.0102) any rational componertt for the modulation vector implies
Uss 0.02316) '0'00*217) -0.0092) that the relative modulation functions concerning two con-
Uiz 0.0032) 0 -0.0021) secutive slabs separated bf2 are in phase, whereas they
Uss 0.00346) 0 -0.0062) were out of phase for the previous structure. As a conse-
Uszs -0.0081) 0 0.0071) quence, the slabs were present in phase corrugafigs?).
Ca Ueq 0.01685) We have already outlined that this point is also related to the
Ui 0.0111) difference in the superspace symmetry group involving an
Uz 0.01419) internal phase translation of one-half associated with the
Uss 0.02497) glide mirror planeb orthogonal toc, allowing modulated
U o atomic displacements along thledirection. It is also the
Ui 0* reason for the unexplained absence of first-order typ&at-
Uy of ellite reflections observed around tt@40) reflection in Fig.
Cu Ueq 0.01394) 6 of J. Zhuet al?
Uy 0.01119) 0* of It is interesting to compare the displacement modulation
U,y 0.00717) -0.00317) of functions alongb andc for both structures. These functions
Uss 0.02356) -0.0021) of are drawn in Figs. 3 and dor a comparison with the previ-
U, ot ot o* ous study of the lead-free phase, phase shift of 0.25 was
Uss 0* 0.00239) of appligd. Within the two types _of.crystal_s, the displacement
Uss ot ot 0.00415) ampl!tudes;_ along are quite similar yvhlle alongy, a half
oc1 Uieo 0.0231) amplltude is observed for c_rystAl Th_ls last feature can be
oc2 Uico 0.0241) easily understopd: for. equivalent displacements alang
os Uico 0.0342) _double—modulat|on periodg(=0.12 versug},=0.21) results .
OB Ui 0.0292) in a half curvature of the slabs, and, as a consequence, in

half-y longitudinal modulated displacements.

These results are confirmed by high-resolution electron
i ) ) microscopy. An enlargement of a typid&l01] HREM image
formalism did not allow us to use crenel functions that wouldg given in Fig. 5. It can be compared to the corresponding
have been adequate to describe such vacancies. As a CONggREM image of the lead-free 2212 cuprates, which have
quence, this site was considered as fully occupied in th@een extensively reported. In this last case, the contrast gen-
whole internal space. erated by the modulation appears as straight rows of darker

A substitution of Bi for Ca was also considered as in theor brighter dots(depending on the focus valueln the
previous structure and lead to a substitution rate of 10%present phase, one observes that the average direction of
which is an intermediate value between the previously remodulation is actually but the rows of bright and dark dots
ported values for the firg7%) and the secon@l4%) modu-  are blurred and not strictly straight. The wavy patterns in the
lations. [100] images confirm the 2212 stacking mode of the layers

Anisotropic thermal atomic displacement parameters havéFig. 6) (see also Fig. 3 in Ref. 2@&nd a double periodicity
been taken for cations and isotropic ones for oxygen atomsf the modulation alondp. Two rows of dots marked with
A modulation of these terms has also been introduced for thblack arrows are attributed to tHéBi,Pb)O] layers. The
Bi atom. The twin volume ratio has also been refined to adouble[BiO] layers undulate in phase aloogbehavior ex-
final value of 7.7%. The global agreement factor for thispected for an orthorhombic modulated supejcblit a de-
double modulation i9R=0.063 with 0.044 for main reflec- tailed analysis shows that the phenomenon is more complex.
tions, 0.062 for first-order satellites, and 0.132 for secondfor example, equivalent zones of the waves are indicated by
order satellites of modulation and for intermodulation triangles in Fig. 6. The white triangle@pper part of the
satellites. image are aligned alongc, in an area that is
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TABLE V. Refinement results for crystd: positions @;; ,B;;) and occupationsR). 0* were fixed
during refinement because they were not significahtw8re constrained by symmetry.

Ao(Po) A1 AL B1o(B1o Aoa(Ag0) Bo.1(Bo,)
Bi Uy 0.22671) 0* -0.0045@9) 0* 0*
U 0.51695) 0.030298) -0.00494) -0.0442@7) 0.026989)
Ug 0.0514929) 0* 0.0035@1) 0.006072) 0.010611)
P 0.51319) 0.5642) 0* 0* 0.0462)
Sr U 0.252599) of 0* 0* of
U 0 0.041%1) of of 0.02413)
Us 0.140171) of -0.00685%3) 0.006633) of
Ca U 0.25 o 0* 0.001@6) of
U of of of 0* of
Ug 0.25 o -0.007828) 0.006169) of
P 0.8941) of of of of
Cu U 0.24981) of of of 0*
U, 0.5 0.01182) 0* 0* 0.00734)
Ug 0.196573) 0* -0.008624) 0.0071%5) 0*
oc1 U of of 0* 0* of
U 0.25 0.0181) of of 0*
Us 0.19741) of -0.00832) 0.00743) of
0oc2 Uy 0.5 0 0* 0* of
U 0.25 0.0121) of of 0.0232)
Ug 0.19941) 0* -0.00752) 0.00713) of
0S Uy 0.273178) of 0* 0* of
U 0.5 0.0761) of of 0.0242)
Uz 0.11841) of -0.00512) 0.00523) of
OB uy 0.1453) 0.0081) -0.0112) -0.0063) 0.0053)
U, 0.1034) 0.0292) 0.0622) -0.03713) 0.0384)
Ug 0.05756) 0.0233) -0.005@3) 0.00583) 0.00116)
P 0.5237) 0.541) -0.141) 0* 0.152)

TABLE VI. Refinement results for crystaB: positions @;; ,Bj;) and occupationgP). 0* were fixed
during refinement because they were not significahtw@re constrained by symmetry.

Az o(Az0) BBz AL(ALYD B1a(B1) A 1(Aj_1) By _1(Bi_y)

Bi Uy 0* -0.00242) 0.00153) 0.00213) 0* 0.00353)

u, 0.010%2)  -0.02485)  -0.007G2)  -0.01772) 0* 0.01753)

ug  -0.00773) 0* -0.006532) 0* -0.006813) 0*

P  -0.0332 0* 0.0232) -0.2192) 0.0572) -0.2072)
Sr u; of 0* 0* of -0.002a4) of

u,  0.010%3) of of 0.01153) of 0*

Uz of 0* 0.000794) of 0* of
Ca u; of of of of of of

u, -0.00297) of of 0* of -0.0071)

Uz of of of of of of

P of of 0.021(6) o' -0.0567) of
Cu u; of 0* of of 0* of

U, 0* of 0* 0.00125) of -0.00586)

Us of -0.000668)  0.000797) of 0* of
oS Uy of 0.0093)

U, 0.0342) of

Uz of 0*
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TABLE VII. Thermal displacement parameters for crysgal(A?).

Uis,o Ull U22 U33 U12 U13 U23
Bi 0.01052) 0.016G1) 0.00771)  0.00781) 0* 0* 0.005@4)
Bi sin o* 0.01332)  -0.01931) 0* 0* 0*
Bi cos 0.00641)  0.02472) 0* 0.00133)  -0.00221) 0*
Sr 0.008%3)  0.00872) 0.00893)  0.00792) of 0.00242) of
Ca 0.01242)  0.00835)  0.01787) 0.01196) of 0* of
Cu 0.01281)  0.001%3)  0.00874) 0.00474) of -0.00083) of

oc1 0.00569)
oc2 0.008%9)
oS 0.01%1)
OB 0.0211)

assumed to exhibit an orthorhombic lattice. On the oppositerentially occupied. The corresponding Bi environment is
side, the black triangles are systematically translated abong characterized by two short and one intermediate Bi-O dis-
involving a local monoclinic symmetry detected in ff1]  tances, in agreement with other Bi environments in different
pattern and the blurred contrast of the modulation in theBj oxide phase4® No evidence for an O site in a bridging
[001] images(Fig. 5. This local variation of the stacking of position as in the lead-free phase could be found in the
undulated slabs can be interpreted as a residual disorder. gtesent refinement. In the rest of the structure, the OB site
can be the origin of the poor agreement factor obtained foleaves its special position in the mirror plane orthogona to
main reflections and for the presence in the diffraction patfor a general position characterized by a harmonic occupa-
tern of diffuse scattering alongbetween satellite reflections. tion function so that the site is alternately occupied on each
The schematic representation [@iO] layers projected side of the mirror plane fot<0.5 andt>0.5, respectively
alongc (Fig. 7) shows the existence of double chains, paral-(Fig. 4). This structural model was already proposed in the
lel to the modulation direction, in the same way as in thecase of the ferrite phage.t allows a modulation amplitude
pure bismuth cuprate or ferrite phasésThe usual descrip- alongy for the oxygen atom similar to the corresponding one
tion of the [BiO] layers as an alternation of ordered andfor Bi. The difference between the regions wit 0.5 and
disordered zones along the modulation directias slightly  t>0.5 lies in the relative position of the oxygen atom with
modified. The regions fotr around 0 are characterized by a respect to the Bi atonfeither yo>yg; or yo<yg;). These
disorder resulting from the partial statistical occupation ofparticular symmetrical configurations can be more clearly
two Bi and O split sitegFigs. 3 and 4 These regions are distinguished by calculating the position of an electronic
analogous to the disordered ones of the nonsubstituted conbne pair of the Bi" ions according to electric-field
pound. But around=0.5, one observes a splitting of the two estimationg” This position is very sensitive to the oxygen
Bi and O sites. The slight splitting concerning the Bi atomenvironment of the Bit ion. For 0.2t<0.4 and 0.6t
was not seen previously in the undoped phases, but a corre:0 8, this location is quite compatible with the known envi-
sponding disordered configuration for the oxygen atom wasonments in related Bi oxide&able VIII). One can see in
already described in the case of the ferrite phaSes. Fig. 7 the alternate orientation of the lone pair along direc-

Between these two particular disordered regions, orderegons close td110] and[lTO], respectively. The disordered

configurations are observed with one Bi and one O site préfaqnfigyration resulting from a statistical occupation of the

split Bi and O sites near=0 and 0.5 does not allow us to
give a reliable estimation of the location of the lone pair in

E
3
.

> o o Qs e 8 © OO OB P PP
O %9 % 3 3 % % & 8§ 8 ¢ 8 8 8829 3$ 3238 % .
P A AL L P L L L DL T PP Y R PLELY, these regions.
o ° e © 0 o o o o o o o o o o © . . . . . .
S ((oh, i Mo aze Bl ol B e B o e BLg i s B B i e e According to this description, a schematic view of the
oSt 5 %% 88 I R [BiO] layers can be proposefig. 8) where three types of
T O @ P e @ % & De Qe O Ces OeeD eed o0 o0 €O O

o
&
o
s

* Bi regions can be distinguished: ordered ones with systematic
orientation of the lone pairs along tlyedirection alternating
in domains; and between these domains, two sorts of disor-
dered zonegzone 1 and Bresulting either the divergence
(zone 1 or the convergencéone 3 of the alternate orien-
CT tation of the lone pairs. The quasiperiodic arrangement of the
' boundaries between these different zones is responsible for
the incommensurate character of the structure. But one can
easily imagine local variations in the relative length of the
modulated zone 2, explaining the existence of disorder as
FIG. 2. Representation of the structure of crystaprojected  evidenced from HREM observations or x-ray diffuse scatter-
alonga. ing, resulting in split sites in the structure refinement.
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0.30 0.30

FIG. 3. Displacement modulation functions:
(a) along z for cations,(b) along z for oxygen
atoms,(c) alongy for Bi, (d) alongy for Cu, and
(e) alongy for oxygen atom OB in thdBiO]
layers. Bold lines: Pb-type modulatiofcrystal
A), and thin lines: undoped phagRef. 5.

0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.0¢

Another difference with the pure bismuth phase concernshe disordered BiO zone, which could be correlated with the
the copper environment. Interatomic Cu-O distances with thénsertion of an oxygen atom in the bridging position. Ca-O
apical oxygen atom OS of the Cy(pyramids are in the distances are also much more regular in the present case. The
present case quite constant between 2.43-2.49 A. In thefined occupancy of the different atomic sites leads to the
lead-free phase, this interval is large@.25-2.54 A) and a general formula (Bi,PB)oSr,Cay gl 00797 IN good
shorter Cu-O apical distance was observed in the vicinity ogreement with the EDS analyses.

P A Bl P

FIG. 4. Occupation modulation functiorig)
for Bi and (b) for oxygen atom OB in th¢BiO]
layers. Bold lines: Pb-type modulatiofcrystal
A), and thin lines: undoped phagRef. 5.

-0.5 T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 0.0 0.2 0.4 0.6 0.8 1.0
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Bi(lBi(%i(B; Bi(4 Bi(SBi(G)V
MRS AT o e
| D A A T

zone 1 zone 2 zone 3

FIG. 7. Representation §BiO] layers for crystalA. Only inter-
atomic Bi-O distances less than 2.6 A are drawn.

the separate action of the two modulatiors &ndxs Fourier
termg and from a part of their interactiornx{* x5 Fourier
terms. The previous accurate description of the two inde-
pendent types of modulation allowed us to initiate proper

FIG. 5. [001] HREM image of crystal. displacement parameters and to obtain satisfactory final
agreement factors within this double-modulation model.

B. The double-modulated structure of The resulting structural features can be interpreted as a

Bi; Py 4Sr g<Cag {CU,Og complex intermediate modulated state simultaneously in-

We have shown that an intermediate Pb substitution rat olving two different if‘tema' centering conditio_ns, two dif-
between the lead-free modulated phase of typend the erent rr_]odulat|or_1 periods, and two types Of d|sp|ac_ements.
monoincommensurate phase of tyjpdeads to the existence Let us first describe _the structurgl cor!flguratlon of {50
of a new phase exhibiting a double modulation instead of Aayers. The_y can still be d_escrlbed n the_,bi)_ plane by
single modulation. Among the different types of satellite re_double Cha'f.‘s parallel t (Fig. 9). qharac_tensuc of the cu-

prate or ferrite phases. These chains still present an alterna-

flections, the well-sharpened satellites defined ay-@) . ; . ;
occupy the same positions as the diffuse-scattering intens}'?enxO]:Nc;r;jerg?]ea”gaﬂ's‘;:ﬁlerggﬁfs'2?:63?;:5: ?O?Eg_t;)com-

ties observed in the diffraction patterns of the correspondin eriodically spaced along the direction and characterized

n monoincommensur hase. The val f the irrd- ; . 2 .
undoped monoincommensurate phase. The value of the y partially occupied split sites and disorder phenomena. In

tional part of the modulation vectdi0.15 is intermediate some of these zondsalled TZ1, oxygen atoms in bridgin
betweenq;;, (0.21) andg,;, (0.11). One also observes a o ared 125, oxyg : ging
slight decrease in the,;,, value towards the rational 0.2 positions would be missing, In so faf as no residual electron
value. The presence of supplementary satellite reflections Oc%ensny CO.UId be four_1d n Founer_ d|f_ference maps. n f_act,
type (hkl+1+1) cannot be fully explained from two types when looking at the different atomic sites and at their refined
yp T > UTly €xp yp occupancy, these zones can be interpreted with an average
of domains exhibiting the first and second types of modula- L : : ) :
tion, respectively. These reflections show that an actuaﬁiescnptl(.)n as Iocat'lons Wherg two Fhfferent configurations
double modulatioﬁ is implied, at least in some parts of th are possible according to relative variable lengths of zones 1,
crystal, requiring, then, a five-dimensional approach in the™ - . . . e
stZdy of tﬂe mgdulated structure. In spite gfpthe rational A similar observation was outlined in the description of
value 0.2 observed far. it is still réferable to consider this the typetl modulation. These transition zones correspond to

' . P a minimal distance between two adjacgBiO] layers(inter-

first commensurate superstructure as a modulated one, %&/er Bi-Bi distances between 3.6-4.1 A) as was the case in

cording to the first type of modulation. The effect of the i .
double modulation on the structure can be explained frorﬁhe typet modulation. Other disordered zongslled TZ3,

characterized by the simultaneous splitting of the Bi and OB
sites, are similar to disordered zones of the tliperodula-
tion.

TABLE VIII. Examples of Bi environments in ordered zones.

Bi(3) OB(1) 0s OB2) E(3)
OB(1) 1.91 3.14 3.07 2.39
oS 103.6 2.08 3.16 2.60
0B(2) 96.9 95.5 2.18 2.51
E(3) 121.3 125.3 107.2 0.76
Bi(4) OB(3) oS OB4) E(4)
0B(3) 2.10 2.85 3.13 2.69
oS 84.8 2.12 3.04 2.87
OB(4) 91.2 88.2 2.26 2.87
E(4) 118.8 138.2 122.1 0.93

FIG. 6. [100] HREM image of crystaA.
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KKKKK a . : : \—4:«' i : m, 7 , CoBi
M I 722N - B S - SR

RRRRK S AAAAAN S RRRRRK,
KEKKK T OO0 (S eipgigly Iplysigl  hbssh

Zone 2 1zl

Zon

b
FIG. 8. Schematic representation of the orientation of the elec- Zone 3

tronic lone pair in thdBiO] layers. ©)

The projection of the doubl¢BiO] layers along thea FIG. 9. Representation ¢BiO] layers for crystaB in the (a,b)
direction(Fig. 10 shows different possible configurations. In Plane for(a) z=0.05 and(b) 0.22. Only Bi-O interatomic distances
some areas, or@iO] layer is rather flat while the adjacent smaller than 2.6 A are represented.
one is characterized by a significant bending. In other areas,
the relative undulations of two adjac€iBiO] layers are no  have been refined. The results outline expected similarities
more in phase than out of phase. The resulting stackingiith the corresponding modulated pure phase with analogous
scheme looks like the configurations previously describednodulation amplitudes along, but smaller ones along.
either in the so-called “collapsed” ferrite phaSer in the  Thjs discrepancy is explained by the corresponding increase
monoclinic structure of the lead-free 2212 phﬁsﬁhese in the modulation period and results in analogous waving of
configurations demonstrate the ability of thé&8O] layers the BIO-SrO-Cu@-Ca-CuQ-SrO-BiO structural slabs. In

to shift away from each other. The schematic drawing of the[he layer plane, the double chain configuration of ]
structure projected along (Fig. 10 can be compared with and[SrO] Iayers, is also observed

electron microscopy observations. The main difference directly results from the absence of

Even if the double chain configuration is still observed atan rational part for the modulation vector. As expected. this
the level of thg SrQ] layers, these last ones are much more y P ' P '

regular, and disorder could not be observed concerning éfzads to an in-phase waving of the structural slabs instead of

and OS sites. Sr is eightfold or ninefold, coordinated with a0 ©Ut-0f-phase one in the case of the lead-free phase. This

regular calculated bond-valence sum close 8 Cu is al-  "€W configuration allows more regular distances between
ways characterized by a pyramidal environment with fourt”o neighboring[BiO] layers. Nevertheless, shorter dis-
equatorial distances ranging from 1.84-1.99 A and one apf@nces (2.1 A) between slabs and longer ones (32 A)
cal distance varying from 2.20—-2.54 A. The situation con-Within a E73'O plane are not observed, as was previously
cerning thelCuO)] layers looks like the corresponding one in Predicted:” A second one is related to the increase in the
the pure 2212 phase. Minimal apical Cu-OS distances ar_gmdulatlon period. It involves the stabilization in the most

still observed near transition disordered zones. important part of the crystal of a special configuration of the
Bi atom. The disordered zones of the undoped phase with

extra oxygen and shorter apical CuO distance are now re-
placed by two types of disordered zones that can be inter-
The structural study of a Pb-doped 2212 bismuth cuprat@reted as a consequence of local variations in the modulation
has been realized using x-ray-diffraction data with a singleperiod and the length of the main modulated zones. This is
crystal characterized only by the Pb type modulatiab- also corroborated by HREM observations, which show ir-
sence of any rational component of the modulation vectorregularities in the modulated scheme of the layers.
increased modulation peripdThe superspace symmetry has  The accurate knowledge of these two independent modu-
been defined, and modulated displacements and occupatiolaions allowed us to refine the structure of the double-

V. CONCLUSION
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FIG. 10. Representation of the structure of cry&airojected along.
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modulated Pb-doped 2212 phase. It has been proven thhgcalized in specific zones. Still there, these disordered zones
according to the agreement obtained with the calculation otan be interpreted as varying boundaries between more regu-
the intensity of the different types of satellite reflections, thelarly modulated regions. The existence and the description of
corresponding structure is a proper double-modulated strudhis double-modulated phase gives a plausible explanation
ture and cannot only be explained by the existence of twdor the diffuse scattering frequently mentioned between main
types of domains in the sample. In particular, different stackand satellite reflections of the lead-free phases. They are
ing schemes are possible between the slabs, with local aprobably related to different stacking schemes of the struc-
parent monoclinic symmetries, previously mentioned in dif-tural slabs of the structure resulting, on a local scale and with
ferent studies. Important disorder phenomena are stilh reduced correlation length, to an “in-phase” stacking of
observed in this phase, in relation to the modulation andhe corrugated layers.
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