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The modulated structure of Bi_,Ph,Sr; g ,La,CuQ, (y=0.2, 0.4; 0.:x=<1.0) was studied by means of
electron diffraction. The experimental data show that the modulated structure changes from a mixed Bi/Pb-type
to a pure Bi-type modulation with an increasing amount of La content in both=t&2 and 0.4 series and that
the periodicity of the Bi-type modulation decreases correspondingly. Wheh0, the modulation exhibits
nearly the same characteristic in the samples with0.2 and 0.4. In addition, the extra-oxygen behavior,
together with the local-structural distortion characteristic, related to the change of the modulated structure was
also examined with Raman scattering, x-ray photoelectron spectroscopy and high-resolution electron micro-
graphy. The experiment results reveal that there are more extra-oxygen atoms intercalating j0ihayBis
with a decrease in the modulation periodicity in the 0.2 series. However, for thg=0.4 series, no more
extra oxygen is incorporated into the,Bj, layers with a decrease in the modulation periodicity, but the degree
of local-structural distortion strengthens markedly in theBilayers. Based on these experiment results, we
discuss the relationship of the superstructure modulation, extra oxygen, and the local-structural distortion.
[S0163-18207)00814-X

[. INTRODUCTION tent had modulated structures with the same modulation pe-
riodicity. They suggested that the presence of extra oxygen
It is known that the Bi-based superconductors with thein the B,,O, layers could only be regarded as a consequence
composition of BjSr,Ca,_1Cu,0sn44+5 N=1, 2, and 3(n  of the particular geometry induced by bismuth, but not as the
=1, 2201;n=2, 2212;n=3, 2223 possess the superstruc- origin of the modulation. Clearly the relation between the
ture modulation. The superlattice has orthorhombic symmemodulation and extra oxygen in the Bj, layers has not yet
try in the 2212 and 2223 phases, but monoclinic symmetry ircompletely been clarified. To further examine this relation,
the 2201 phase. Regarding the origin of the modulated struswe recently studied the modulation structure of
ture several models have been proposed, mainly includingi,;—yPh,Sr o CuQ, (y=0.2, 0.4; 0.3:x=<1.0) and the re-
(1) the extra-oxygen modél? (2) the crystal misfit lated varying behaviors of the extra oxygen in the@i
model®~® (3) the ordering of Sr vacanciés(4) the regular layers. Our experimental results reveal that the characteristic
substitution of Bi by(Ca, Sy or Cu/ and(5) the changes in of the superstructure modulation does not depend on the
the orientation of Bi lone pairsAmong these models, the amount of the extra oxygen. The modulation can also appear
extra-oxygen model has been most widely accepted. It indiin the compound with no extra oxygen. In this paper, we
cates that the periodic intercalation of extra-oxygen atoms imieport on these results and discuss the relation of the super-
the BibO, layers is responsible for the modulation and thestructure modulation, extra oxygen, and the local-structural
extra oxygen is brought about by the partial substitution ofdistortion using the crystal misfit model.
Bi®* for Bi®*. The model is basically successful in explain-

ing the variations of modulation periodicity caused by the Il EXPERIMENTAL METHODS
substitution with different valence catioft.For example, '
the partial substitution of 4 for SP* in Bi,SrL,CuQ;, ; Samples were prepared through the conventional solid-

leads to more extra-oxygen atoms intercalating into thestate reaction method. Powders of,8i, PbO, SrCQ,
Bi,O, layers, thus decreasing the modulation periodicity,La,0;, and CuO were mixed with nominal compositions of
whereas the PP substitution for Bf* removes the extra Bi, ;- yPhSn ¢ La,CuQ, (y=0.2, 0.4,x=0.1, 0.2, 0.35,
oxygen from the BJO, layers, therefore increasing the 0.5, 0.7, and 1.,0(each sample is denoted by Pb/La content
modulation periodicity’ below) and then preheated in air at 820—830 °C for 40 h with
However, the extra-oxygen model failed to explain thean intermediate grinding. Then the powders were pressed
change of modulation caused by the substitution in Sr sitesito pellets, sintered in air at 870—910 °C for 60 h and finally
with the same valence catiofi®r instance, the B& substi- quenched in air.
tution for SF* (Ref. 5], as well as the substitutions ofi3 An x-ray-diffraction (XRD) analysis was carried out with
metals (Fe, Co, Ni, and Zpfor Cul® In addition, Pham a Ligaku-D/maxyA diffractometer using monochromatic
et al!! reported that the samples with different oxygen con-high-intensity CuK« radiation. Electron diffraction(ED)
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TABLE l. Structural parameters of the TABLE 1. Structural parameters of the
Bi; oPhy 5SH ¢, La,CuG, series. Biy Py 4Sh g 4La,CuQ, series.

Lacontenx a(A) b(@A) c@A) qy/b(Pb qy/b (Bi) Lacontentx a(A) b(A) c(A) qyb(Pb qy/b (Bi)

0.1 5359 5.370 24.563 0.1 5355 5.362 24.473

0.2 5.368 5.380 24.494 0.2 5358 5.368 24.444

0.35 5.382 5.393 24.470 5.66 4.39 0.35 5.359 5.354 24.435 6.78 4.16
0.5 5.388 5.398 24.326 0.5 5.363 5.366 24.314

0.7 5401 5.438 24.259 4.32 0.7 5.423 5.400 24.165 4.12
1.0 5427 5.458 23.914 4.0 1.0 5.440 5.447 24.129 4.0

analysis was done with an H-800 transmission electron mi-
croscope. High-resolution electron microscdp\REM) was
performed with a JEOL-2010 electron microscope, equippe
with a side entry stage with 215° double tilt. For electron
microscopy studies, thin specimens were obtained by th
ion-milling method. Raman spectra were measured on

Figures 1a)—1(c) show the[100]-zone-axis ED patterns
f the samples BigPh,Sr ¢ 4La,CuQ, (x=0.35, 0.7, and
.0). In the diffraction pattern of the sample 0.2/0.35, two
sets of satellite reflection, forming two rectangular lattices,
Sre observed. This suggests that two types of orthorhombic

. fhodulation coexist in this compound. The weaker satellite
Spex-1403 Raman spectrophotometer using a backscattering» otion corresponds to the orthorhombic Pb-type modula-

technique. The 5145-A line from an argon-ion laser was use on, which has been reported in Pb-doped Bi-2201, 2212,

as an excitation light sgurcer.] All measurer:nents were rknade %%23 phase&4and the stronger satellite diffraction to the
room temperature, and each spectrum shown was taken Wil o hombic Bi-type modulation. The periodicities along

ibility. The x-ray photoelectron SpectroScopXPS) mea- %heb direction @p) of the two types of modulation are 5166

(Pb-type and 4.3® (Bi-type), respectively. In the samples
surements were performed on a ESCALAB MKII S”rface.0.2/0.7 and 0.2/1.0, the Pb-type modulation disappears and

analysis system. The samples were scraped before beingy the Bi-type modulation exists. The superlattice remains
transferred into the analysis chamber in a vacuumoiQ an orthorhombic symmetry in the sample 0.2/0.7 but changes
mbar. to the monoclinic symmetry in the sample 0.2/1.0. The
modulation periodicities in the two samples decrease to
ll. EXPERIMENTAL RESULTS 4.32 and 4.0, respectively.

The [100]-zone-axis ED patterns of the samples
Bi; Pk 4Sr o ,La,CuQ, (x=0.35, 0.7, and 1)0are given in
Figs. da)—2(c), which show a similar change in the modu-

The XRD analyses of Bi,_,Ph,Sr; ¢ ,La,CuQ, (y=0.2, lated structure with La content in the=0.4 series as in the
0.4;x=0.1, 0.2, 0.35, 0.5, 0.7, and }.6how that there is no y=0.2 series. The modulated structure also changes from a
sign of second phases for each doped sample and that all tiheixed Bi/Pb type to pure Bi type with increasing amount of
diffraction peaks can be indexed on the basis of an orthoka content. The modulation periodicity data of the-0.4
rhombic unit cell. From XRD data, the lattice parameters forseries are listed in Table II, which shows that the La substi-
each doped sample were calculated using a least-squares tetion for Sr also decreases the periodicity of Bi-type modu-
finement. Table | and Table Il summarize the obtained refation. The remarkable differences between the two series is
sults. From Tables | and Il, it can be seen that the La substithat the modulation periodicity reduces more rapidly in the
tution for Sr increases the lattice parametarandb, and y=0.4 series than in they=0.2 series and that the
decreases the parametem bothy=0.2 and 0.4 series. orthorhombic-monoclinic transition in the symmetry of su-

A. XRD and ED analyses of the Bj ,_,Pb,Sr; g_,La,Cu0,
(y=0.2, 0.4; 0.kx=<1.0) samples

FIG. 1. ED patterns along tHd00]-zone axis of the sample BiPh, ,Sr; ¢ 4La,CuQ,; (a) x=0.35; (b) x=0.7; (c) c=1.0.
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FIG. 2. (a) ED pattern along th¢100]-zone axis of the sample BjPh, St 5585 35CuG,, in which the double diffraction spots also
appearmarked with arrowgbesides the satellite diffraction reflecting the mixed Bi/Pb-type modulatipieD pattern along thgl00]-zone
axis of the sample Bi-Ph, ,Sr; JLay ,CuQ, sample. All the satellite spots in this pattern are symmetric about*tter b* axis. This type of
b* —c*-plane ED pattern results from the two variants of structural modulation which are related by a symmeti@@ixnend a mirror
plane is located at the bismuth oxide layBef. 5. (c) ED pattern along th€100]-zone axis of the sample BjPk, ,Sry LaCuO.

perlattice occurs at much lower La contegmrt<0.7) in the  C. Raman scattering analysis of the Bi,_,Pb,Sr, o ,La,CuO,
y=0.4 series. On the other hand, it is worthwhile to note that (y=0.2, 0.4; 0..kx=1.0) samples

the sample 0.4/1.0 almost shows the same characteristic in Figures %b) and 5c) show the Raman spectra of the

the modulated structure as the sample 0.2/1.0, i.e., mong; r La,CuQ, (x=0.1, 0.35, 0.5, 0.7, and 1.and
clinic commensurate modulation witfy, of 4.0b. 1P 2SM0-,L8,CUO, ( 3

B. HREM analysis of the Bi, ;_,Pb,Sr; g ,La,CuO,
(y=0.2, 0.4; 0.kx<1.0) samples

Single-crystal XRD and HREM analyses have revealed
that the modulation wave of the fBr,CuQ;, s System causes
swelling of each layer, i.e., the displacements of Bi, Sr, and
Cu in the chains which run along tieeaxis1*~*’ To examine
this type of local structural distortion characteristic associ- [
ated with the change in the modulated structure, we made §
HREM analyses for the Bi,_,Ph Sr, 4 ,La,CuQ, system.

Figures 3a)-3(c) show the HREM images projected
along thea direction for the samples 0.4/0.35, 0.4/0.7, and
0.4/1.0. The double BiO layersnarked with a white arroy
and perovskite layer@marked with a black arroware well
resolved in these images. From the micrograph of the sample
0.4/0.35 showing a mixed Bi/Pb-type modulation, it can be
seen that the degree of bulking in the Bi, Sr, and Cu atomic
chains is rather small, i.e., the local structural distortion is
weak in this sample. Nevertheless, for the samples 0.4/0.7
and 0.4/1.0 showing a pure Bi-type modulation, the local . .
structural distortion intensifies appreciably with a decrease in (g)'\""f# i ‘j,-}' %“ e 15\";‘; i i “E»L
the modulation periodicity, as shown in FiggbBand 3c). i i &ﬁ‘\%{’ ‘ti{k‘f"
Especially in the sample 0.4/1.0, the arrangement of Bi at- ( 181‘ )p\‘ BV '4."1\7)!11 \
oms in the double BiO layers exhibits a very strong contract- URHHTIY "L’\L“’k‘ o L
ing and swelling behavior, thus forming obvious Bi- ﬂ\‘" }W-‘ "‘,,‘"’}}' i t! ‘)‘,"Ff"{
concentrated and Bi-deficient bands. In other words, a h’ '}%.x ..’

i W A \l'l'm‘?‘ h." m" \’ At
considerably strong local-structural distortion occurs in the ' ! k‘\"“lm ..» qw tmn ] WH- ;\h'q., t
i‘ 'Qh

Bi,O, layers of this sample. i ‘_ '*; »n .." (T P“' "1‘1!”""
Figure 4 shows thg100] HREM image of the sample ;i i )“r i ‘nh A “3}‘ "‘}nl” i \‘htl (‘\\

0.2/1.0. The ED analysis has indicated that this sample has i wtth ’-“ A

nearly the same modulated structure as the sample 0.4/1.0. Fic. 3. [100] HREM images of the sample

But, by comparing Fig. 4 with Fig. (8), we find that the B, ,Ph,,Sr, 4 ,La,CuQ,; (a) x=0.35; (b) x=0.7; (c) x=1.0. The

degree of local structural distortion in the sample 0.4/1.0 isiouble BiO layer and perovskite block are marked with white and

much stronger than that in the sample 0.2/1.0. black arrows, respectively.
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FIG. 4. [1000 HREM image of the
Bi; gPhy ,;SIy LaCuQ,. The double BiO layer and perovskite block

are marked with white and black arrows, respectively.

sample

the SrO and BiO, layers, respectively'®® The Q;, Raman
peak shifts to the higher frequency side with increasing La
content in botly=0.2 and 0.4 series, whereas thg Raman
peak shifts to the lower frequency side. But the relative in-
tensity of the Q, mode in they=0.4 series is much lower
than that in they=0.2 series. On the other hand, the line
shape of the @ peak shows completely different variations
with increasing La content between the two series. In the
y=0.2 series, the g peak gradually splits into doublets, i.e.,

a shoulder peak appears around the higher frequency side of
the main peak, and the relative intensity of the shoulder peak
enhances apparently with increasing La content. Such a
shoulder peak reflects the vibration of extra-oxygen atoms in
the Bi,O, layers!® Hence, it can be considered that the'La
substitution for S¥" brings more extra-oxygen atoms into
the BL,O, layers in they=0.2 series and the amount of extra
oxygen grows with increasing La content. However, for the
y=0.4 series, the most prominent change in thg @ak is
that its intensity reduces rapidly with increasing La content.

Bi; Py sSh g xLa,CuQ, (x=0.1, 0.35, 0.5, 0.7, and 1.0 The line shape of § peak is almost symmetric for each

samples in the frequency range 345—-800 &nTwo Raman

doped sample and no splitting behavior is observed even for

peaks are clearly observed within this frequency range fothe samples 0.4/0.7 and 0.4/1.0. This suggests that in the

each doped sample. The peak with lower freque@50—
470 cmY) corresponds to théy mode of vibration of Q,

y=0.4 series the amount of extra oxygen is very small and
that no more extra-oxygen atoms are incorporated into the

atoms along the axis, and the peak with higher frequency Bi,0O, layers with the L3" substitution for St*.

(605—630 cm?) to the A; mode of vibration of @ atoms

For the sake of comparison, we also give the Raman spec-

along thea axis (Os, and Qy; refer to the oxygen atoms in tra of the Pb-free Bi;Sr o ,La,CuQ, system in Fig. &)

(a) (

Intensity

R oy

by
i
462

310 450 590 730 -345

Raman shift (cm™)

605 735 345 475 605 735

Raman shift (cm™) Raman shift (cm™')

FIG. 5. () Raman spectra of the sample,Bsr; o_,La,CuQ,; 1, x=0; 2,x=0.2; 3,x=0.6; 4,x=1.0. (b) Raman spectra of the sample
Bi; Py 5SH g 4La,CuQ,; 1, x=0.1; 2,x=0.35; 3,x=0.5; 4,x=0.7; 5,x=1.0.(c) Raman spectra of the sample, BPh, ,Sr; g ,La,Cu0, ;

1, x=0.1; 2,x=0.35; 3,x=0.5; 4,x=0.7; 5,x=1.0.
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(b) 1

Intensity

. A . X N . . , .
156 157 158 159 160 156 157 158 159 160 156 157 158 159 160
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

FIG. 6. (a) Bi 4f XPS spectra of the sample BBr, g ,La,CuQ,; 1, x=0.1; 2,x=0.35; 3,x=1.0. (b) Bi 4f XPS spectra of the sample
Bi; Py 5SH g 4 La,CuQ,; 1, x=0.1; 2,x=0.35; 3,x=1.0.(c) Bi 4f XPS spectra of the sample BPh, ,Sr; o_4La,CuQ,; 1, x=0.1; 2,
x=0.35; 3,x=1.0.

(taken from our previous work which shows that both §  oxygen in the BjO, layers is much smaller compared with
and Q; phonon modes almost do not exhibit any shift inthe y=0 and 0.2 series. Furthermore the decrease of the
frequency and reduction in intensity with increasing La con-modulation periodicity is not accompanied with the increase
tent. But the vibration mode of the extra-oxygen atoms in theof the extra oxygen. It is obvious that the extra-oxygen
Bi,O, layers compared with thg=0.2 series intensifies model cannot give_a reasonable_ interpretation for th_e phe-
much more strikingly with increasing La content. This sug-nomena observed in the=0.4 series, as well as the differ-
gests that for the samples with the same La content th8NCe in the change of the modulated structure between the

amount of exira oxygen in the £, layers of they=0.2 yzghztﬁgdo?ﬁirsﬁggj we have already pointed out that the
series is notably smaller than that in the Pb-free series. y
1es y I ! samples 0.2/1.0 and 0.4/1.0 have almost the same modula-

) ) tion structure. In fact, th&=1.0 sample in the Pb-free series
D. Analysis of XPS spectra for the By, ,Pb,Sry o xLa,CuO,  (0/1.0) also possesses nearly the same modulation as the
(y=0, 0.2, 0.4; 0.5x<1.0) samples samples 0.2/1.0 and 0.4/1(6ee Ref. 5 From the Raman

Figures 6a)—6(c) show the Bi 4 XPS spectra of the spectra shown in Fig. 5 and the Bf KPS spectra in Fig. 6,
samples Bj, ,PhSr o LaCuQ, (y=0, 0.2, 0.4;x=0.1, We can see clearly that the extra-oxygen behaviors among
0.35, and 1.0 The L&" substitution for St* gives rise to an  the three samples are completely different. A large amount of
increase in the Bi # binding energy for both thg=0 and  €xtra oxygen resides in the J), layers in the sample 0/1.0,
0.2 series. But the increase in the Pb-free series is mudhut only a small amount in the sample 0.2/1.0, and hardly
more obvious than that in the=0.2 series. Nevertheless, for any in the sample 0.4/1.0. These phenomena apparently in-
the y=0.4 series, the Bi # binding energy almost remains dicate that the characteristic of the modulated structure does
intact when La contenk increases from 0.1 to 1.0. These not depend on the amount of the extra oxygen in th@©Bi
facts suggest that the ), layers accept a large amount of layers. For the BSr,CaCyOg, 5 as mentioned above, Pham
extra oxygen introduced by the $asubstitution for St for et al!* have also obtained a similar result, i.e., the samples
the Pb-free system and a smaller amount foryke.2 se-  With different oxygen content exhibited the modulated struc-
ries, while for they=0.4 series no more extra oxygen is ture with the same modulation periodicity. Evidently these
incorporated into the BD, layers with L& substitution for ~ behaviors are contradictory to the extra-oxygen model.

SP*. This is in accord with the result obtained from the In our previous work, we found that the crystal misfit
Raman-scattering analysis. model is much more successful in explaining the modulation
vector change induced by doping. As a matter of fact, the
above-described phenomena which cannot be explained by
the extra-oxygen model can be interpreted well in terms of

From the above analyses, it can be seen that for ththe crystal misfit model. The earliest crystal misfit model
Bi, Pk ;51 o «La,CuQ, series the LA substitution for was put forth by Gai, Subramanian, and Sleiyfihis model
Sr%+ decreases the modulation periodicity and meanwhiléndicated that the superstructure modulation of Bi cuprates
brings a fraction of extra oxygen into the.Bj, layers. This comes from the crystal misfit along teaxis between the
implies that the decrease in the modulation periodicity isBi,O, layer and perovskite block. The presence of extra-
related to the increase of the extra oxygen in thg@Blayers  oxygen atoms in the BD, layers can be regarded as a con-
in this series, which can find a seeming interpretationsequence caused by the crystal misfit. We think that this type
from the extra-oxygen model. However, for the of intercalation of the extra oxygen in the Bj, layers re-

Bi, ;Pky.4Sr o 4La,CuQ, series, though each doped sampleduces the degree of the local structural distortion caused by
shows a strong modulated structure, the amount of the extthe crystal misfit. The change in the modulated structure with

IV. DISCUSSION
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La content in both the Pb-free and Pb-dofge-0.2 or 0.4  gen should be much larger than that in the sample 0.2/1.0
series can be considered to be a result of the enhancementwith a fraction of extra oxygen. The HREM images shown in
the degree of crystal misfit caused by the’Laubstitution  Fig. 3(c) and Fig. 4 clearly reflect this kind of difference in
for SP*. For the Pb-free series, since a large amount of extréhe degree of local-structural distortion between these two
oxygen is incorporated into the &), layers with a decrease samples.

in the modulation periodicity, the degree of the local struc-

tural distortion, especially in the BD, layers, should be

rather small. The Raman spectra shown in Fi@ Surely V. CONCLUSION

reflect this feature, i.e., the vibration modes of botk &nd We have studied the modulated structure of the

Og; atoms do not exhibit a shift in frequency and reduction in . - ) )
intensity with a decrease in the modulation periodicity. Sinceti'é-le‘;’tl: gfir(llg_exrl;%g#g/zicg;r?dzt'hg.?olc(z)i.liéugc%[ﬂor)afii”setcs)’rtion
the amount of extra oxygen introduced by the' Laubstitu- Y9

. ; S haracteristic associated with the change in the modulation
tion for SP* of the y=0.2 series is smaller than that of the c .
Pb-free series, the amount of extra oxygen is not larg y means of XRD, ED, HREM, Raman scattering, and XPS.

enough to depress the local structural distortion and the de-he relationship of the superstructu_re modula'tion, extra oxy-
gree of local structural distortion should intensify slightly gen, and the local-structural distortion was discussed. From

with a decrease in the modulation periodicity. This postula—f[hese experiments, investigations, and analyses, the follow-

: . e . ing conclusions may be drawn.
tion also agree well with the result shown in Figbh in L
which a smaller frequency shift and intensity reduction (1) The characteristic of the modulated structure does not

caused by the enhancement in the local-structural distortioﬁepend.On t.he a_lmount of the extra OXygen in th@'layf
ers, which implies that the modulation does not originate

is detected in the vibration modes of thg,@nd Q; atoms. from the intercalation of the extra oxvaen

Nevertheless, for thg=0.4 series, the decrease in the modu- (2) The crystal misfit between they§) I.a ers and per-

lation periodicity is not accompanied with the intercalation ; Y L 2 1ay P
gvskite blocks should be the origin of the superstructure

of more extra oxygens, SO it can be expected that the degreeodulation The intercalation of the extra oxygen weakens
of local structural distortion should strengthen remarkabl)/'n ' Y9

with a decrease in the modulation periodicity. The HREMEPﬁeIzzal;zgu;f%igf'Ssttr?]r(t:'ta?e'ré?:tg?gogyisth:nﬁgﬁ:ld r\w;zt'a
images of the samples 0.4/0.35, 0.4/0.7, and 0.4/1.0 shown ié]ecreasge in the amount of the extra oxygen in thgOBi
Fig. 3 give a direct evidence of this expectation. MeanwhileIa ers Yo
the result of Raman spectra shown in Figc)Sis also in y(3) :rhe modulation can also appear in the Bi-based com-
accord with this expectation, namely a more striking fre- ounds with no extra oxvaen Buapthe B, layers are cer-
quency shift and intensity reduction for theg@nd Q; vi- f i hibit a st %/g t. dist % ; yth'

bration modes with strengthening in the structural distortion ain to exhibit a strong structure distortion in this case.
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