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The microstructure of Bi,Sr, ,Ba,CuO, (0=<x =0.5) was characterized by transmission-electron mi-
croscopy and x-ray diffraction. Electron-diffraction analyses reveal that in the Bi-Sr-Cu-O system there
also exists a ¢ =12.5 A insulating phase with commensurate superstructure with the exception of the
c=24 A 2:2:0:1 phase. However, with the partial substitution of Ba for Sr in this material, the ¢ ~24 A
2:2:0:1 single phase is obtained, but Ba intercalation reduces the wavelength of modulation of the 2:2:0:1
phase along the b and c¢ directions. Measurement of the superconductivity of the Bi,Sr, ,Ba,CuO, sam-
ples shows that the appropriate substitution of Ba for Sr (x <0.2) can raise the T, of the 2:2:0:1 phase.
T, reaches 20 K for the x =0.2 sample, however, with excessive Ba substitution (x = 0.2) the metal-to-
insulator transition for the 2:2:0:1 phase occurs and the superconductivity of the 2:2:0:1 phase disappears
as x exceeds 0.3. In addition, the influence of La and Pb doping on the modulation structure of the
2:2:0:1 phase is also investigated in this article. We discuss the modulation structures of the three substi-
tuted systems and the origin of the incommensurate-modulation structure of the Bi-Sr-Cu-O system.

I. INTRODUCTION

In Bi-oxide superconductors the following four super-
conducting phases have been found with chemical com-
positions Bi,Sr,Ca, ;Cu,0,, s (n=1,2,3,4)."2 The T,
of the n=1, 2, and 3 phases is ~20, 85, and 110 K, re-
spectively. The n =4 phase has only been observed in the
study of convergent-beam electron diffraction and the
bulk superconductor with the » =4 phase has never been
observed, so the T, of the n =4 phase has not been deter-
mined. Even though the n =1 phase has low T, in re-
cent years, in the field of the fundamental study of Bi-
based materials, the focus of attention turns to the n =1
2:2:0:1 phase. This is due to the fact that this 2:2:0:1 su-
perconducting phase exhibits a much wider temperature
region where the normal state exists, which allows one to
measure normal-state transport properties to lower tem-
peratures than in other high-T, materials. Understand-
ing of the nature of the normal state is necessary for the
study of the mechanism for high-T, superconductivity.

However, it is well known that the preparation of
2:2:0:1 single-phase samples in the Bi-Sr-Cu-O system is
difficult because of the presence of other insulating
phases, and most of the early reports of superconductivi-
ty in this material have been on multiphase ceramics.3”’
Chakoumakos er al.® and Fleming et al.® thought that
the synthesis was complicated by an insulating phase
with a composition that is very close to the
stoichiometric composition Bi,Sr,CuO,. Fujiki et al. 10
suggested that there are at least two other insulating
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compounds in the Bi-Sr-Cu-O system and that these non-
superconducting phases have structures which are
different but closely related to that of the superconduct-
ing phase. In Ref. 11, Matsui et al. further determined
the microstructural features of these nonsuperconducting
Bi-Sr-Cu-O compounds by means of electron-diffraction
analyses, which explicitly indicate that in the Bi-Sr-Cu-O
system there exist three nonsuperconducting phases
(B-D) which have long-period structures closely related
to that of the superconducting phase 4, Bi,Sr,Cu0O,, and
in phase B the long periodicity is caused by the displace-
ments of the (BiO), planes along the ¢ axis, while in both
phases C and D, it is due to the formations of thin verti-
cal planes of different local structures and compositions.
All of these above-mentioned results suggest that the
structure of the superconducting 2:2:0:1 phase has an in-
stability at high temperature, so a sample with a single
phase is difficult to obtain. In substituted Bi-Sr-Cu-O sys-
tems, i.e., Biy4,Sr,_,Cu0,,"? Bi,Sr,_ La,Cu0O,, "'
and Bi, ,Pb, Sr,CuO,,!718 jt was found that the ideal
2:2:0:1 single phase can be easily acquired. This suggests
that the substitution can stabilize the 2:2:0:1 structures.
Yet, the type of element substituted has serious effects on
the superconductivity of the 2:2:0:1 phase, as is reported
in Refs. 12-18. For the Bi,,,Sr,_,CuO, and
Bi,Sr,_,La,CuO, systems, the emergence of supercon-
ductivity of the 2:2:0:1 phase depends critically on the
minimum Sr content, and a metal-insulator transition
also occurs with the variation of Sr composition. Ac-
cording to all the above reports, one can see that the
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phase diagram for 2:2:0:1 ceramic samples is complex,
and the structure of the crystal grown under specific con-
ditions cannot be easily asserted. In that way, it is quite
evident that further investigation into the formation of
the 2:2:0:1 phase, as well as its microstructural charac-
teristic features, is of great significance. Hence, we syn-
thesized three series of doped 2:2:0:1 ceramic sample,
ie, Bi,Sr,  Ba,CuO,, Bi,;Sr;4 ,La,CuO,, and
Bi, ,Pb,Sr,Cu0,, and studied, with emphasis on the
synthesis, modulation structure, and superconductivity of
the Ba-doped system. Meanwhile by means of the com-
parison of the modulation structure of the Ba-doped
2:2:0:1 phase with that of La- and Pb-doped 2:2:0:1
phases, a speculative discussion is made for the origin of
incommensurate-modulation structure of Bi-system ma-
terials.

II. EXPERIMENTAL METHODS

Samples were prepared by the conventional solid-state
reaction method. Powders of Bi,O;, PbO, SrCO;,
BaCO,;, La,0;, and CuO were mixed with nominal com-
positions of Bi,Sr, ,Ba,CuO, (x=0, 0.1, 0.2, 0.3, 0.4,
and 0.5), Bi, ;Sr; 4_,La,Cu0O, (x=0.1, 0.2, 0.3, 0.4, 0.6,
and 1.0), and Bi, ,Pb,Sr,Cu0O, (x=0.05, 0.1, 0.2, 0.3,
and 0.6), respectively, then preheated in air at 820°C. In
order to ensure the complete reaction of the reactant ox-
ides, the products were then reground and reheated at
830°C. Preheating took place for about 32—-40 h. Then
the powders were pressed into pellets, sintered in air in
the temperature range of 860-910°C for 70-140 h
(higher temperature is required for Ba- and La-doped
samples, and lower temperature for Pb-doped samples),
and finally quenched in air.

X-ray-diffraction (XRD) analysis was carried out with
Ligaku D/max- y A diffractometer using monochromatic
high-intensity Cu-Ka radiation at room temperature.
Electron-diffraction (ED) patterns were obtained using a
H-800 transmission-electron microscopy. The specimens
for TEM observation were prepared by the ion milling
method. Resistivity was measured by the standard four-
probe method.

III. EXPERIMENTAL RESULTS

A. XRD analyses for the samples
Bi,Sr, _,Ba,CuO, (0=X =0.5),
Bi, ;81 y_,La,CuO, (0.1=X =1.0),
and Bi,_, Pb, Sr,CuO, (0.05=X <0.6)

Figure 1 shows the XRD patterns of the samples
Bi,Sr, ,Ba,CuO, (x=0, 0.1, 0.2, 0.3, 0.4, and 0.5).
From these XRD patterns, first it can be noted that in
the case of x =0.0, the (001) diffraction peaks split into
doublets, while other characteristic peaks are obviously
broadened. This implies that in this sample there exists
structural inhomogeneity, i.e., other nonsuperconducting
phases as reported in Refs. 10 and 11 probably appear.
Secondly, for the Ba-doped samples, the XRD patterns
show that the ideal pure 2:2:0:1 single phases are ob-
tained. This result indicates that the intercalation of Ba
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into the Bi-Sr-CuO system plays an important role in syn-
thesizing the 2:2:0:1 single phase. On the other hand,
Fig. 1 reflects the fact that the position of the typical
diffraction peaks of 2:2:0:1 phase changes successively
with the increase of Ba content and suggests that the
unit-cell parameters of the Ba-doped 2:2:0:1 phase vary
correspondingly, as shown in Table I (obtained from a
least-squares refinement). The data given in Table I show
that the length of the c axis of the 2:2:0:1 phase decreases
with the increase of Ba content, while the ¢ and b axes
and the orthorhombicity of the 2:2:0:1 phase increase ac-
cordingly.

The XRD analyses of Bi, Sr;4_,La, CuO, and
Bi, ,Pb,Sr,CuO, show that the La substitution for Sr
and Pb for Bi are similarly beneficial to the synthesis of
2:2:0:1 single phase, i.e., for the case of x >0 in the two
systems, the ideal 2:2:0:1 single phases are also obtained.
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FIG. 1. The powder x-ray-diffraction patterns of

Bi,Sr,_,Ba,CuO, samples (x =0, 0.1, 0.2, 0.3, 0.4, and 0.5).
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TABLE 1. Structural parameters of the Bi,Sr,_,Ba,CuO,
systems.
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TABLE III. Structural parameters of the Bi,_,Pb, Sr,CuO,
systems.

Ba content x a (A) b (A) c (A) q,/b Pb content x a (A) b (A) c (A)
0.1 5.364 5.364 24.535 4.86 0.05 5.373 5.370 24.641
0.2 5.369 5.367 24 481 4.32 0.1 5.350 5.343 24.561
0.3 5.384 5.378 24.412 4.30 0.2 5.383 5.306 24.540
0.4 5.390 5.395 24.334 4.22 0.3 5.376 5.276 24.533
0.5 5.416 5.439 24.172 4.14 0.6 5.378 5.250 24.456

The variation of structural parameters of the 2:2:0:1
phase induced by the two different substitutions is sum-
marized in Tables II and III, respectively, which show
that the orthorhombicity of the 2:2:0:1 phase also in-
creases with La substitution for Sr or Pb substitution for
Bi, as is indicated in Refs. 13-18. It is worthwhile notic-
ing that the behavior of the variation of the b axis for the
Ba- and La-doped systems is in agreement but opposite to
that of the Pb-doped system.

B. ED analyses for the samples
Bi,Sr,_,Ba,Cu0O, (0=X <0.5),
Bi, Sr; 9—,La,CuO, (0.1=X <1.0),
and Bi,_, Pb,Sr,CuO, (0.05<X <0.6)

1. Multiple 2:2:0:1 microstructures
in the Bi,Sr,CuO, sample

Figures 2(a)-2(c) show the [100]-zone-axis ED patterns
for the undoped sample. The ED pattern of Fig. 2(a) ap-
pears in most of the observed grains, while those Figs.
2(b) and 2(c) are only exhibited in a few crystal grains.
The sequences of satellite spots in Fig. 2(a) reflect the
monoclinic incommensurate-modulation structure of the
c=24 A 2:2:0:1 phase, as is reported in Refs. 4, 10, 19,
and 20. The study with a high-resolution electron micro-
scope has revealed that this kind of incommensurate
modulation is due to the periodic arrangement of Bi-
concentrated and deficient bands in the BiO double lay-
ers. However, the ED pattern shown in Fig. 2(c) exhibits
a similar feature with the phase B reported in Ref. 11,
namely it reflects a type of monoclinic modulation struc-
ture with the corresponding ¢ parameter of 12.5 A. The
main difference between the two phases is that the modu-
lation structure reflected in Fig. 2(c) is commensurate but
is incommensurate for phase B in Ref. 11. From high-
resolution images, the authors of Ref. 11 found that the
superstructure of phase B is caused by periodic arrange-

TABLE II. Structural parameters of the
Bi, ;Sr; y_,La,CuO, systems.

La content x a (A) b (A) c (A) q,/b

0.1 5.368 5.365 24.57 4.90

0.2 5.374 5.376 24.515 4.33

0.3 5.407 5.419 24.519 4.22

0.4 5.389 5.395 24.249 4.15

0.6 5.415 5.448 24.175 4.09

1.0 5.451 5.504 24.115 4.00

ment of the BiO layers, which are interrupted at every 2.0
nm along the b axis and displaced by xc, where x is near-
ly 0.2. Therefore, we can assert that in the Bi,Sr,CuO,
sample two phases exist, one is the ¢ =24 A 2:2:0:1 phase
with incommensurate-modulation structure and the other
is the ¢ =12.5 A nonsuperconducting phase with com-
mensurate long-period superstructure. So the behavior of
the doublet-split XRD pattern of the Bi,Sr,CuO, sample
can be understood quite well. Moreover, it should be
mentioned that the two kinds of ED patterns of Figs. 2(a)
and 2(c) can appear in different regions of a small frag-
ment, and it means that the intergrowth occurs between
the two phases.

For the ED pattern of Fig. 2(b), it is clearly seen that it
exhibits a very peculiar feature, i.e., all the satellite spots
in this pattern are symmetric about the ¢* or b* axis.
This type of b*-c*- plane electron-diffraction pattern has
been reported by Van Tandeloo et al.,?! who suggested
that it results from the two variants of structural modula-
tion which are related by a symmetry plane along (001),
and a mirror plane is located at the bismuth oxide layer.

2. Effect of Ba doping on the modulated structure
of the 2:2:0:1 phase

From the analyses of the [001]-zone ED patterns of
samples Bi,Sr, ,Ba,CuO, (x=0.1, 0.2, 0.3, 0.4, and
0.5), the b component of modulation vector, g,, for each
sample can be determined, as shown in Table I. From
Table I, it can be seen that the value of g, /b decreases
from 4.86 to 4.14 with the Ba content x increasing from
0.1 to 0.5. Figures 3(al), 3(a2), 3(bl), 3(b2), 3(cl), and
3(c2) show two series of [100]-zone ED patterns observed
in the sample of x =0.2, 0.3, and 0.5. Clearly, the ED
patterns shown in Figs. 3(al), 3(bl), and 3(c1) belong to
the same series, the satellite sequences of which reflect
the conventional monoclinic incommensurate-modulation
structure of the Bi-2:2:0:1 phase. According to the three
ED patterns, the corresponding modulation vector in
b*-c* plane, g*=Bb* +vyc*, can be identified as

g7 =0.23b*+0.51c* (x=0.2),

g5 =0.23b*—0.76c* (x=0.3),

g3 =0.25b*+0.8¢* (x=0.5),
respectively. [The estimated error for the modulation
wave vector: A (or Ay)=0.005.] As a result, it can be
noticed that the ¢* component of the modulation vector

increases with an increase of Ba composition. Figures
3(a2), 3(b2), and 3(c2) exhibit the other series of [100]-
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FIG. 2. The three kinds of different ED patterns along the [100]-zone axis of the sample Bi,Sr,CuO,.

zone ED patterns observed in the three samples, which
all possess the same features as that shown in Fig. 2(b),
that is, all satellite diffraction spots are symmetric about
the b* or ¢* axis. The noteworthy point is that the three
ED patterns shown in Figs. 3(a2), 3(b2), and 3(c2) exhibit
different features, i.e., the distance between two adjacent
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satellite spots of the first order along the ¢* direction
(denoted by I below) decreases with an increase of Ba con-
tent. In fact, the variation of / with Ba content x results
from the change of modulation vector (i.e., the increase
of ¢* component). This behavior can be interpreted from
the schematic diagram of Figs. 4(a)-4(c). Figures

FIG. 3. (al)-(a2), (b1)-(b2), and (c1)-(c2) are
the two series of [100]-zone ED patterns ob-
served in the samples Bi,Sr; ;Ba,,CuO,,
Bi,Sr, ;Ba, ;Cu0,, and Bi,Sr; sBa, sCuO,, re-
spectively.
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FIG. 4. Schematic diagram of [100]-zone coplanar ED pat-
terns corresponding to the three different modulation wave vec-
tors, i.e., g1 =Bib*+yic*, g, =Bb*+vyc*, ¢3=Bb* +ysc¥,
Bi=B,=B3 and v, <y, <73

4(a)-4(c) give the three [100]-zone coplanar diffraction
schematic diagrams with different modulation vectors
(B1=PB2=PB3 ¥1<¥,<73). It shows that the increase of
v component of the modulation vector really result in the
reduction of the / value. In other words, the variation of
[ shown in Figs. 3(a2), 3(b2), and 3(c2) directly reflect the
change of modulation vector of the 2:2:0:1 phase induced
by Ba doping.

In addition, it should be pointed out that for x =0.5
sample, the satellite spots of [100]-zone ED patterns
elongate along the ¢ * direction feebly, as shown in Figs.
3(cl) and 3(c2). This implies that the small distortion
happens for the periodic arrangement of Bi-concentrated
bands. Figures 5(a)-5(c) exhibit the [010]-zone ED pat-
terns of the three different samples (x =0.2, 0.3, and 0.5),
in which no difference among the three samples can be
observed. It is known that the presence of weak
reflection (101)+#(002) is mainly due to the displace-
ment of Bi atoms from special positions of the ortho-
rhombic Fmmm space group in the average structure.?
So, based on this argument, it can be postulated that the
distortion, which happens in double BiO layers, is not
serious.
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3. Effect of La and Pb doping
on the modulated structure of the 2:2:0:1 phase
From the structural parameters of

Bi, ;Sr; y_,La,CuO, as shown in Table II, it can be seen
that the value of g, of the La-doped 2:2:0:1 phase de-
creases with an increase of La composition. On the other
hand, the modulation vector containing b* and ¢* com-
ponents for the different La-doped 2:2:0:1 phases is also
obtained from the corresponding [100]-zone ED patterns
shown in Figs. 6(al)-6(a3). These wave vectors can be
expressed as follows:

q’l"=0.23b*+0.64c* (x=0.2),
g3 =0.24b*+0.94c* (x=0.6),
q;‘=0.25b*+1.0c* (x=1.0),

thus it is found that similar to the Ba-doped 2:2:0:1
phase, the ¢ * component of the modulation vector of the
La-doped 2:2:0:1 phase also increases with increasing La
dopant. For the [100]-zone ED patterns shown in Figs.
6(al)-6(a3), another two important features are as fol-
lows: On one hand, for higher La-content samples
(x =0.6, 1.0) all the satellite spots as shown in Figs. 6(a2)
and 6(a3) also elongate slightly along ¢ * axis, increasingly
changing from circle spots to elliptical, however, the
n (002) main reflection nearly remains intact; on the oth-
er hand, with increasing La content the modulation along
b direction transforms from incommensurate (corre-
sponding to the case of x =0.2, 0.4, and 0.6) to commen-
surate (corresponding to the case of x =1.0).

The ED patterns along the pole of [100] of the samples
Bi, ,Pb,Sr,Cu0O, (x=0, 0.05, 0.2, 0.3, and 0.6) are
shown in Figs. 7(a)-7(e). Figure 8 gives the correspond-
ing schematic representation of these ED patterns. For
the [100]-zone ED patterns of the x =0 samples shown in
Fig. 7(a), as described in the preceding part, its satellite
sequences only reflect the monoclinic modulation struc-
ture. However, for the x =0.05 sample, in its [100]-zone
ED pattern, another kind of satellite reflection spot ap-
pears: it reveals that two types of modulation coexist in
this sample (i.e., the monoclinic modulation and ortho-
rhombic modulation), while for x =0.2, 0.3 samples the

FIG. 5. The [010]-zone ED patterns observed in the samples Bi,Sr,_,Ba,CuO,; (a) x =0.2; (b) x =0.3; (c) x =0.5.
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FIG. 6. The ED patterns along the [100]-zone axis of the samples Bi, ;Sr; _,La,CuO,; (al) x =0.2; (a2) x =0.6; (a3) x =1.0.

satellite reflections corresponding to monoclinic modula-
tion disappear completely and merely the orthorhombic
modulation induced by Pb doping exists, simultaneously
accompanied with the increase of the modulation wave-
length. With the further increase of Pb content (x =0.6),
all the modulation modes disappear. This type of modu-
lation structure transition caused by Pb doping in the
2:2:0:1 phase is consistent with the result reported in Ref.
18.

IV. SUPERCONDUCTIVITY OF THE
Bi,Sr,_,Ba,CuO, (0<X <0.5) SAMPLES

The temperature dependence of resistivity of samples
Bi,Sr, ,Ba,CuO, (x=0, 0.1, 0.2, 0.3, 0.4, and 0.5) is

shown in Fig. 9(a). For these samples with different Ba
content, the above XRD and ED analyses have revealed
that they all exhibit ideal 2:2:0:1 single phase except for
the case of x =0. But the result of resistivity measure-
ment of these samples given by Fig. 9(a) shows that great
differences among their electrical properties appears.
When the Ba content x increases from O to 0.2, the corre-
sponding initial superconducting transition temperature,
T2™¢ increases from 10 to 20 K, but with x =0.3, the
Tomset decreases to 9 K again, and with the further in-
crease of Ba content x (x =0.4, 0.5), the sample becomes
a semiconductor. The relation between 7™ and the Ba
content x of the Bi,Sr, ,Ba,CuO, system is depicted in
Fig. 9(b). Moreover, it is also found that the suitable Ba
doping (x <0.2) can decrease the magnitude of normal-

FIG. 7. The ED patterns along the [100]-zone axis of the samples Bi,_,Pb,Sr,CuO,; (a) x =0; (b) x =0.05; (c) x =0.2; (d) x =0.3;

(e) x =0.6.
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FIG. 8. The schematic representation of the ED patterns of
Figs. 7(a)-7(e); (a) x =0; (b) x =0.05; (c) x =0.2; (d) x =0.3; (e)
x=0.6. The satellite reflection spots (marked with .) corre-
spond to monoclinic modulation and the other series (marked
with o) correspond to orthorhombic modulation.

state resistivity, which is increased rapidly, however, by
excessive Ba doping (x >0.2). Consequently, it can be
concluded that the appropriate amount of Ba substitution
for Sr can improve the superconductivity of 2:2:0:1 phase
but excessive substitution leads to the emergence of
metal-to-insulator transition.

| (a) o)
’ 40
—~ ' 4
£ ! .
v 28 1 ﬂg 10 E
c | — 3 E
= . 2 3
=
X 2 | % 20 =
s 30 x
I 1 “‘)
= N 10 .
20t
. L. .
i 2 o 06
‘ X
16 1 20
..
‘\» \
L) Cenee 1
2o remem e
X! PSP
Do e o--e— o--@--0--0---e----0---0--B 5
ol 10
; : o e---e---0---*4
iv'_."\'-"""“"-'------‘0--o--~-— s
4 d ‘e 00 -8 @@ @@= = e ---p---@m-—0-= @
RN .. e ce---e2
0

0 10 30 50 70 90 nm 130
T(K)

FIG. 9. (a) The temperature dependence of resistivity of the
samples Bi,Sr,_,Ba,CuO,; 1, x=0; 2, x=0.1; 3, x=0.2; 4,
x=0.3; 5, x=0.4; 6, x=0.5. (b) The relationship between
T2" and Ba content x.
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V. DISCUSSION

A. The origin of incommensurate-modulation
structure in the Bi-2:2:0:1 system

It has already been pointed out that the modulation
structure of the Bi-based oxide superconductors origi-
nates from the periodic arrangement of Bi-concentrated
bands in BiO layers. Such an arrangement is caused by
the lattice mismatch between BiO layers and perovskite
blocks. As to what is the real driving force of the lattice
mismatch, several possible models were proposed by
Zandbergen and Gay and co-workers,?*”% mainly in-
cluding: (1) the extra oxygen model, (2) ordering of Sr va-
cancies, (3) partial substitution of Bi by Cu, and (4)
changes in the orientation of Bi lone pairs. In these mod-
els, the first one (i.e., the extra oxygen model) is the most
well known. But there also exist some serious weaknesses
associated with this model, for example, when one per-
forms the ED analyses at high temperature for the super-
conducting phase of Bi-system compound, it is
discovered that as the temperature goes up to 1000 K,
the intensity, sharpness, as well as the distance between
reciprocal spots of the superstructure reflection display
no observed changes. This implies that the intensity of
the superstructure modulation is insensitive to the change
of oxygen content. Therefore, some other possible mod-
els could not be eliminated.

However, on the basis of the investigation of the modu-
lation structures for the above-mentioned three sub-
stituted  2:2:0:1 systems, ie., Bi, ,Pb,Sr,CuO,,
Bi, ;Sr; y_,La,CuO,, and Bi,Sr, ,Ba,CuO,, we think
that the real driving force which results in superstructure
modulation comes from the crystal misfit along b axis be-
tween the Bi,O; of the BiO layer and perovskite. The
variation of this type of misfit degree along the b axis will
directly induce the rearrangement of Bi-concentrated
bands of the BiO layer, thus giving rise to the change of
the modulation wave vector within BiO layers. In the
Bi, ,Pb,Sr,CuO, system, it has been revealed that with
the substitution of Pb for Bi, the length of the b axis de-
creases. The reduction of the b axis enhances the fit de-
gree between the BiO layer and the perovskite block, and
the arrangement pattern of Bi-concentrated bands is
softened. Therefore, with increasing Pb content, the
monoclinic modulation disappears gradually, while Pb-
type modulation becomes dominant. The latter probably

originates from the periodic distribution of Pb atoms in
BiO double layers. However, for the La- and Ba-doped
systems, due to the larger ion radius of the doped ele-
ment, La (or Ba), which is suggested to occupy the Sr
sites, the a and b parameters of the perovskite block in-
crease, with the latter changing more remarkably than
the former, so the misfit degree between the BiO layer
and the perovskite block along the b axis strengthens,
thus decreasing the periodicity of the Bi-concentrated
band; this point agrees well with our experiment results.
As a result, we draw this conclusion: The variation of
modulation vector induced by element doping in Bi-
superconductors originates from the change of the misfit
degree between BiO layers and perovskite blocks, and the
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misfit degree mainly depends on the size of the perovskite
block (primarily the length of the b axis), the larger the b
parameter, the lower the crystal-fit degree. The above-
mentioned elongation of the satellite reciprocal spots as
shown in Figs. 3 and 6 and the modulation transition of
incommensurate-to-commensurate observed in the La-
doped system all reflect the enhancement of the misfit de-
gree between the BiO layer and the perovskite block in-
duced by element substitution in essence.

Here, it should be pointed out that the lattice misfit
model we are discussing essentially does not contradict
the above-mentioned model as argued by Zandbergen and
co-workers. It is because this type of crystal misfit be-
tween the BiO layer and the perovskite block, as we pro-
posed, would probably directly result in inhomogeneous
distribution of oxygen atoms in BiO double layers, name-
ly, extra oxygen may emerge in the BiO layer. In addi-
tion, Bi vacancies in the BiO layer or Sr vacancies in the
SrO layer may also occur in this case, while other atoms
may occupy these vacancies, which would probably lead
to the modulation of the distribution of occupation.

B. Correlation between microstructure
and superconductivity of the 2:2:0:1 phase
in the Bi,Sr,_, Ba, CuO, system

In Refs. 26 and 27, Onoda and Sato and Gao et al.
have already investigated the incommensurate-
modulation structure of superconducting Bi-Sr-Cu-O sys-
tem by means of single-crystal x-ray diffraction, indicat-
ing that the modulation wave of the Bi-Sr-Cu-O system
causes swelling of each layer, i.e., the displacements of Bi,
Sr, and Cu in the chains which run along the ¢ axis. The
deviation of the Cu-atom positions caused by the modula-
tion wave in the 2:2:0:1 phase is much larger than that in
the 2:2:1:2 phase, which may be one of the origins of the
rather low-T, value of the Bi-Sr-Cu-O compound. Then,
in the Bi,Sr, ,Ba,CuO, system, as is well known, the Ba
substitution for Sr does not directly induce the change of
the number of electrons of the 2:2:0:1 phase such that the
variation of superconductivity of the Ba-doped 2:2:0:1
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phase can only be attributed to the microstructural dis-
tortions, namely the change of modulation structure. In
terms of the ideas of Onoda and Sato and Gao et al., it
can be considered that the decrease of the modulation
period in the b and ¢ direction is certain to lead the Cu
displacement to a relative shift, thus resulting in the
change of the oxygen configuration of Cu atoms, which is
closely related to the superconductivity of the 2:2:0:1
phase. That is to say, the proper substitution of Ba for Sr
is favorable to improve the symmetric degree of the CuO,
layer, and just for this reason the T, of the 2:2:0:1 phase
is raised, while for excessive Ba substitution in the
Bi-Sr-CuO system, the symmetric degree of the CuQ, lay-
er was reduced, so that the metal-insulator transition cor-
respondingly appears.

VI. CONCLUSION

From the analyses of the Bi,Sr,_,Ba,CuO,
(0=X =0.5), Bi, ;Sr; y_,La, —CuO, (0.1<X =1.0), and
Bi, ,Pb,Sr,Cu0, (0.05=X =0.6) systems, it is found
that in the Bi,Sr,Cu0O,, sample, the presence of the
c=12.5A nonsuperconductmg phase is the major reason
why the ¢ =24 A 2:2:0:1 single phase is difficult to syn-
thesize; then Ba partial substitution for Sr in this material
can stabilize the c =24 A 2:2:0:1 phase, and such a substi-
tution has similar influence on the modulation structure
and superconductivity of the 2:2:0:1 phase compared
with La substitution. On one hand, the Ba substitution
causes the reduction of the modulation period, on the
other hand it induces the increase of the T, of the 2:2:0:1
phase with suitable substitution but the emergence of a
metal-to-insulator transition with excessive substitution.
By way of comparison of the structural parameters of the
three substituted systems, it is revealed that the charac-
teristic of modulation wave vectors in the 2:2:0:1 system
are indeed dependent on the size of the b axis. This point
supplies an important confirmation for the crystal-misfit
model for the origin of the incommensurate-modulation
structure of Bi superconductors.
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FIG. 2. The three kinds of different ED patterns along the [100]-zone axis of the sample Bi,Sr,Cu0,.



FIG. 3. (al)-(a2), (b1)-(b2), and (c1)-(c2) are
the two series of [100]-zone ED patterns ob-
served in the samples Bi,Sr, ;Ba,,CuO,,
BiZSrL-,BaO‘;CuO},, and BiISrlrsBa(,,sCuoy, re-
spectively.



FIG. 5. The [010]-zone ED patterns observed in the samples Bi,Sr,

_xBa,Cu0,; (a) x =0.2; (b) x =0.3; (c) x =0.5.



FIG. 6. The ED patterns along the [100]-zone axis of the samples Bi, ;Sr, ,_,La,CuO,; (al) x =0.2; (a2) x =0.6; (a3) x = 1.0.
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FIG. 7. The ED patterns along the [100])-zone axis of the samples Bi, Pb,Sr,CuO,; (a) x =0; (b) x =0.05; (c) x =0.2; (d) x =0.3;
(e) x =0.6.



