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Relation of the superstructure modulation and extra-oxygen local-structural distortion
in Bi2.12yPbySr1.92xLaxCuOz
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The modulated structure of Bi2.12yPbySr1.92xLaxCuOz (y50.2, 0.4; 0.1<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 they50.2 and 0.4 series and that
the periodicity of the Bi-type modulation decreases correspondingly. Whenx51.0, the modulation exhibits
nearly the same characteristic in the samples withy50.2 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 in the Bi2O2 layers
with a decrease in the modulation periodicity in they50.2 series. However, for they50.4 series, no more
extra oxygen is incorporated into the Bi2O2 layers with a decrease in the modulation periodicity, but the degree
of local-structural distortion strengthens markedly in the Bi2O2 layers. Based on these experiment results, we
discuss the relationship of the superstructure modulation, extra oxygen, and the local-structural distortion.
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I. INTRODUCTION

It is known that the Bi-based superconductors with
composition of Bi2Sr2Can21CunO2n141d, n51, 2, and 3~n
51, 2201;n52, 2212;n53, 2223! possess the superstru
ture modulation. The superlattice has orthorhombic symm
try in the 2212 and 2223 phases, but monoclinic symmetr
the 2201 phase. Regarding the origin of the modulated st
ture several models have been proposed, mainly includ
~1! the extra-oxygen model,1–2 ~2! the crystal misfit
model,3–5 ~3! the ordering of Sr vacancies,6 ~4! the regular
substitution of Bi by~Ca, Sr! or Cu,7 and~5! the changes in
the orientation of Bi lone pairs.1 Among these models, th
extra-oxygen model has been most widely accepted. It in
cates that the periodic intercalation of extra-oxygen atom
the Bi2O2 layers is responsible for the modulation and t
extra oxygen is brought about by the partial substitution
Bi51 for Bi31. The model is basically successful in explai
ing the variations of modulation periodicity caused by t
substitution with different valence cations.8,9 For example,
the partial substitution of La31 for Sr21 in Bi2Sr2CuO61d
leads to more extra-oxygen atoms intercalating into
Bi2O2 layers, thus decreasing the modulation periodic
whereas the Pb21 substitution for Bi31 removes the extra
oxygen from the Bi2O2 layers, therefore increasing th
modulation periodicity.5,9

However, the extra-oxygen model failed to explain t
change of modulation caused by the substitution in Sr s
with the same valence cations@for instance, the Ba21 substi-
tution for Sr21 ~Ref. 5!#, as well as the substitutions of 3d
metals ~Fe, Co, Ni, and Zn! for Cu.10 In addition, Pham
et al.11 reported that the samples with different oxygen co
550163-1829/97/55~14!/9130~6!/$10.00
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tent had modulated structures with the same modulation
riodicity. They suggested that the presence of extra oxy
in the Bi2O2 layers could only be regarded as a conseque
of the particular geometry induced by bismuth, but not as
origin of the modulation. Clearly the relation between t
modulation and extra oxygen in the Bi2O2 layers has not yet
completely been clarified. To further examine this relatio
we recently studied the modulation structure
Bi2.12yPbySr1.92xCuOz ~y50.2, 0.4; 0.1<x<1.0! and the re-
lated varying behaviors of the extra oxygen in the Bi2O2
layers. Our experimental results reveal that the character
of the superstructure modulation does not depend on
amount of the extra oxygen. The modulation can also app
in the compound with no extra oxygen. In this paper,
report on these results and discuss the relation of the su
structure modulation, extra oxygen, and the local-structu
distortion using the crystal misfit model.

II. EXPERIMENTAL METHODS

Samples were prepared through the conventional so
state reaction method. Powders of Bi2O3, PbO, SrCO3,
La2O3, and CuO were mixed with nominal compositions
Bi2.12yPbySr1.92xLaxCuOz ~y50.2, 0.4; x50.1, 0.2, 0.35,
0.5, 0.7, and 1.0! ~each sample is denoted by Pb/La conte
below! and then preheated in air at 820–830 °C for 40 h w
an intermediate grinding. Then the powders were pres
into pellets, sintered in air at 870–910 °C for 60 h and fina
quenched in air.

An x-ray-diffraction~XRD! analysis was carried out with
a Ligaku-D/max-gA diffractometer using monochromati
high-intensity Cu-Ka radiation. Electron diffraction~ED!
9130 © 1997 The American Physical Society
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55 9131RELATION OF THE SUPERSTRUCTURE MODULATION . . .
analysis was done with an H-800 transmission electron
croscope. High-resolution electron microscopy~HREM! was
performed with a JEOL-2010 electron microscope, equip
with a side entry stage with a615° double tilt. For electron
microscopy studies, thin specimens were obtained by
ion-milling method. Raman spectra were measured o
Spex-1403 Raman spectrophotometer using a backscatt
technique. The 5145-Å line from an argon-ion laser was u
as an excitation light source. All measurements were mad
room temperature, and each spectrum shown was taken
refocusing on at least two different spots to assure reprod
ibility. The x-ray photoelectron spectroscopy~XPS! mea-
surements were performed on a ESCALAB MKII surfa
analysis system. The samples were scraped before b
transferred into the analysis chamber in a vacuum of 131029

mbar.

III. EXPERIMENTAL RESULTS

A. XRD and ED analyses of the Bi2.12yPbySr1.92xLaxCuOz

„y50.2, 0.4; 0.1<x<1.0… samples

The XRD analyses of Bi2.12yPbySr1.92xLaxCuOz ~y50.2,
0.4;x50.1, 0.2, 0.35, 0.5, 0.7, and 1.0! show that there is no
sign of second phases for each doped sample and that a
diffraction peaks can be indexed on the basis of an ort
rhombic unit cell. From XRD data, the lattice parameters
each doped sample were calculated using a least-square
finement. Table I and Table II summarize the obtained
sults. From Tables I and II, it can be seen that the La sub
tution for Sr increases the lattice parametersa and b, and
decreases the parameterc in both y50.2 and 0.4 series.

TABLE I. Structural parameters of the
Bi1.9Pb0.2Sr1.92xLaxCuOz series.

La contentx a ~Å! b ~Å! c ~Å! qb/b ~Pb! qb/b ~Bi!

0.1 5.359 5.370 24.563
0.2 5.368 5.380 24.494
0.35 5.382 5.393 24.470 5.66 4.39
0.5 5.388 5.398 24.326
0.7 5.401 5.438 24.259 4.32
1.0 5.427 5.458 23.914 4.0
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Figures 1~a!–1~c! show the@100#-zone-axis ED patterns
of the samples Bi1.9Pb0.2Sr1.92xLaxCuOz ~x50.35, 0.7, and
1.0!. In the diffraction pattern of the sample 0.2/0.35, tw
sets of satellite reflection, forming two rectangular lattic
are observed. This suggests that two types of orthorhom
modulation coexist in this compound. The weaker satel
diffraction corresponds to the orthorhombic Pb-type modu
tion, which has been reported in Pb-doped Bi-2201, 22
2223 phases,12–14and the stronger satellite diffraction to th
orthorhombic Bi-type modulation. The periodicities alon
theb direction (qb) of the two types of modulation are 5.66b
~Pb-type! and 4.39b ~Bi-type!, respectively. In the sample
0.2/0.7 and 0.2/1.0, the Pb-type modulation disappears
only the Bi-type modulation exists. The superlattice rema
an orthorhombic symmetry in the sample 0.2/0.7 but chan
to the monoclinic symmetry in the sample 0.2/1.0. T
modulation periodicities in the two samples decrease
4.32b and 4.0b, respectively.

The @100#-zone-axis ED patterns of the sampl
Bi1.7Pb0.4Sr1.92xLaxCuOz ~x50.35, 0.7, and 1.0! are given in
Figs. 2~a!–2~c!, which show a similar change in the modu
lated structure with La content in they50.4 series as in the
y50.2 series. The modulated structure also changes fro
mixed Bi/Pb type to pure Bi type with increasing amount
La content. The modulation periodicity data of they50.4
series are listed in Table II, which shows that the La sub
tution for Sr also decreases the periodicity of Bi-type mod
lation. The remarkable differences between the two serie
that the modulation periodicity reduces more rapidly in t
y50.4 series than in they50.2 series and that the
orthorhombic-monoclinic transition in the symmetry of s

TABLE II. Structural parameters of the
Bi1.7Pb0.4Sr1.92xLaxCuOz series.

La contentx a ~Å! b ~Å! c ~Å! qb/b ~Pb! qb/b ~Bi!

0.1 5.355 5.362 24.473
0.2 5.358 5.368 24.444
0.35 5.359 5.354 24.435 6.78 4.16
0.5 5.363 5.366 24.314
0.7 5.423 5.400 24.165 4.12
1.0 5.440 5.447 24.129 4.0
FIG. 1. ED patterns along the@100#-zone axis of the sample Bi1.9Pb0.2Sr1.92xLaxCuOz ; ~a! x50.35; ~b! x50.7; ~c! c51.0.
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FIG. 2. ~a! ED pattern along the@100#-zone axis of the sample Bi1.7Pb0.4Sr1.55La0.35CuOz , in which the double diffraction spots als
appear~marked with arrows! besides the satellite diffraction reflecting the mixed Bi/Pb-type modulation.~b! ED pattern along the@100#-zone
axis of the sample Bi1.7Pb0.4Sr1.2La0.7CuOz sample. All the satellite spots in this pattern are symmetric about thec* or b* axis. This type of
b*2c* -plane ED pattern results from the two variants of structural modulation which are related by a symmetry plane~001!, and a mirror
plane is located at the bismuth oxide layer~Ref. 5!. ~c! ED pattern along the@100#-zone axis of the sample Bi1.7Pb0.4Sr0.9LaCuO.
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perlattice occurs at much lower La content~x,0.7! in the
y50.4 series. On the other hand, it is worthwhile to note t
the sample 0.4/1.0 almost shows the same characterist
the modulated structure as the sample 0.2/1.0, i.e., mo
clinic commensurate modulation withqb of 4.0b.

B. HREM analysis of the Bi2.12yPbySr1.92xLaxCuOz

„y50.2, 0.4; 0.1<x<1.0… samples

Single-crystal XRD and HREM analyses have revea
that the modulation wave of the Bi2Sr2CuO61d system causes
swelling of each layer, i.e., the displacements of Bi, Sr, a
Cu in the chains which run along thec axis.15–17To examine
this type of local structural distortion characteristic asso
ated with the change in the modulated structure, we m
HREM analyses for the Bi2.12yPbySr1.92xLaxCuOz system.

Figures 3~a!–3~c! show the HREM images projecte
along thea direction for the samples 0.4/0.35, 0.4/0.7, a
0.4/1.0. The double BiO layers~marked with a white arrow!
and perovskite layers~marked with a black arrow! are well
resolved in these images. From the micrograph of the sam
0.4/0.35 showing a mixed Bi/Pb-type modulation, it can
seen that the degree of bulking in the Bi, Sr, and Cu ato
chains is rather small, i.e., the local structural distortion
weak in this sample. Nevertheless, for the samples 0.4
and 0.4/1.0 showing a pure Bi-type modulation, the lo
structural distortion intensifies appreciably with a decreas
the modulation periodicity, as shown in Figs. 3~b! and 3~c!.
Especially in the sample 0.4/1.0, the arrangement of Bi
oms in the double BiO layers exhibits a very strong contra
ing and swelling behavior, thus forming obvious B
concentrated and Bi-deficient bands. In other words
considerably strong local-structural distortion occurs in
Bi2O2 layers of this sample.

Figure 4 shows the@100# HREM image of the sample
0.2/1.0. The ED analysis has indicated that this sample
nearly the same modulated structure as the sample 0.4
But, by comparing Fig. 4 with Fig. 3~c!, we find that the
degree of local structural distortion in the sample 0.4/1.0
much stronger than that in the sample 0.2/1.0.
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C. Raman scattering analysis of the Bi2.12yPbySr1.92xLaxCuOz

„y50.2, 0.4; 0.1<x<1.0… samples

Figures 5~b! and 5~c! show the Raman spectra of th
Bi1.9Pb0.2Sr1.92xLaxCuOz ~x50.1, 0.35, 0.5, 0.7, and 1.0! and

FIG. 3. @100# HREM images of the sample
Bi1.7Pb0.4Sr1.92xLaxCuOz ; ~a! x50.35; ~b! x50.7; ~c! x51.0. The
double BiO layer and perovskite block are marked with white a
black arrows, respectively.
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55 9133RELATION OF THE SUPERSTRUCTURE MODULATION . . .
Bi1.7Pb0.4Sr1.92xLaxCuOz ~x50.1, 0.35, 0.5, 0.7, and 1.0!
samples in the frequency range 345–800 cm21. Two Raman
peaks are clearly observed within this frequency range
each doped sample. The peak with lower frequency~450–
470 cm21! corresponds to theAg mode of vibration of OSr
atoms along thec axis, and the peak with higher frequenc
~605–630 cm21! to theAg mode of vibration of OBi atoms
along thea axis ~OSr and OBi refer to the oxygen atoms in

FIG. 4. @100# HREM image of the sample
Bi1.9Pb0.2Sr0.9LaCuOz . The double BiO layer and perovskite bloc
are marked with white and black arrows, respectively.
r

the SrO and Bi2O2 layers, respectively!.
18,19 The OSr Raman

peak shifts to the higher frequency side with increasing
content in bothy50.2 and 0.4 series, whereas the OBi Raman
peak shifts to the lower frequency side. But the relative
tensity of the OSr mode in they50.4 series is much lowe
than that in they50.2 series. On the other hand, the lin
shape of the OBi peak shows completely different variation
with increasing La content between the two series. In
y50.2 series, the OBi peak gradually splits into doublets, i.e
a shoulder peak appears around the higher frequency sid
the main peak, and the relative intensity of the shoulder p
enhances apparently with increasing La content. Suc
shoulder peak reflects the vibration of extra-oxygen atom
the Bi2O2 layers.

18 Hence, it can be considered that the La31

substitution for Sr21 brings more extra-oxygen atoms int
the Bi2O2 layers in they50.2 series and the amount of ext
oxygen grows with increasing La content. However, for t
y50.4 series, the most prominent change in the OBi peak is
that its intensity reduces rapidly with increasing La conte
The line shape of OBi peak is almost symmetric for eac
doped sample and no splitting behavior is observed even
the samples 0.4/0.7 and 0.4/1.0. This suggests that in
y50.4 series the amount of extra oxygen is very small a
that no more extra-oxygen atoms are incorporated into
Bi2O2 layers with the La31 substitution for Sr21.

For the sake of comparison, we also give the Raman sp
tra of the Pb-free Bi2.1Sr1.92xLaxCuOy system in Fig. 5~a!
le
FIG. 5. ~a! Raman spectra of the sample Bi2.1Sr1.92xLaxCuOz ; 1, x50; 2, x50.2; 3,x50.6; 4,x51.0. ~b! Raman spectra of the samp
Bi1.9Pb0.2Sr1.92xLaxCuOz ; 1, x50.1; 2,x50.35; 3,x50.5; 4,x50.7; 5,x51.0. ~c! Raman spectra of the sample Bi1.7Pb0.4Sr1.92xLaxCuOz ;
1, x50.1; 2,x50.35; 3,x50.5; 4,x50.7; 5,x51.0.
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FIG. 6. ~a! Bi 4 f XPS spectra of the sample Bi2.1Sr1.92xLaxCuOz ; 1, x50.1; 2,x50.35; 3,x51.0. ~b! Bi 4 f XPS spectra of the sampl
Bi1.9Pb0.2Sr1.92xLaxCuOz ; 1, x50.1; 2, x50.35; 3,x51.0. ~c! Bi 4 f XPS spectra of the sample Bi1.7Pb0.4Sr1.92xLaxCuOz ; 1, x50.1; 2,
x50.35; 3,x51.0.
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~taken from our previous work9!, which shows that both OSr
and OBi phonon modes almost do not exhibit any shift
frequency and reduction in intensity with increasing La co
tent. But the vibration mode of the extra-oxygen atoms in
Bi2O2 layers compared with they50.2 series intensifies
much more strikingly with increasing La content. This su
gests that for the samples with the same La content
amount of extra oxygen in the Bi2O2 layers of they50.2
series is notably smaller than that in the Pb-free series.

D. Analysis of XPS spectra for the Bi2.12yPbySr1.92xLaxCuOz

„y50, 0.2, 0.4; 0.1<x<1.0… samples

Figures 6~a!–6~c! show the Bi 4f XPS spectra of the
samples Bi2.12yPbySr1.92xLaxCuOx ~y50, 0.2, 0.4;x50.1,
0.35, and 1.0!. The La31 substitution for Sr21 gives rise to an
increase in the Bi 4f binding energy for both they50 and
0.2 series. But the increase in the Pb-free series is m
more obvious than that in they50.2 series. Nevertheless, fo
the y50.4 series, the Bi 4f binding energy almost remain
intact when La contentx increases from 0.1 to 1.0. Thes
facts suggest that the Bi2O2 layers accept a large amount
extra oxygen introduced by the La31 substitution for Sr21 for
the Pb-free system and a smaller amount for they50.2 se-
ries, while for they50.4 series no more extra oxygen
incorporated into the Bi2O2 layers with La

31 substitution for
Sr21. This is in accord with the result obtained from th
Raman-scattering analysis.

IV. DISCUSSION

From the above analyses, it can be seen that for
Bi1.9Pb0.2Sr1.92xLaxCuOz series the La31 substitution for
Sr21 decreases the modulation periodicity and meanw
brings a fraction of extra oxygen into the Bi2O2 layers. This
implies that the decrease in the modulation periodicity
related to the increase of the extra oxygen in the Bi2O2 layers
in this series, which can find a seeming interpretat
from the extra-oxygen model. However, for th
Bi1.7Pb0.4Sr1.92xLaxCuOz series, though each doped samp
shows a strong modulated structure, the amount of the e
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e
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oxygen in the Bi2O2 layers is much smaller compared wit
the y50 and 0.2 series. Furthermore the decrease of
modulation periodicity is not accompanied with the increa
of the extra oxygen. It is obvious that the extra-oxyg
model cannot give a reasonable interpretation for the p
nomena observed in they50.4 series, as well as the differ
ence in the change of the modulated structure between
y50.2 and 0.4 series.

On the other hand, we have already pointed out that
samples 0.2/1.0 and 0.4/1.0 have almost the same mod
tion structure. In fact, thex51.0 sample in the Pb-free serie
~0/1.0! also possesses nearly the same modulation as
samples 0.2/1.0 and 0.4/1.0~see Ref. 5!. From the Raman
spectra shown in Fig. 5 and the Bi 4f XPS spectra in Fig. 6,
we can see clearly that the extra-oxygen behaviors am
the three samples are completely different. A large amoun
extra oxygen resides in the Bi2O2 layers in the sample 0/1.0
but only a small amount in the sample 0.2/1.0, and har
any in the sample 0.4/1.0. These phenomena apparentl
dicate that the characteristic of the modulated structure d
not depend on the amount of the extra oxygen in the Bi2O2
layers. For the Bi2Sr2CaCu2O81d, as mentioned above, Pha
et al.11 have also obtained a similar result, i.e., the samp
with different oxygen content exhibited the modulated stru
ture with the same modulation periodicity. Evidently the
behaviors are contradictory to the extra-oxygen model.

In our previous work, we found that the crystal mis
model is much more successful in explaining the modulat
vector change induced by doping. As a matter of fact,
above-described phenomena which cannot be explained
the extra-oxygen model can be interpreted well in terms
the crystal misfit model. The earliest crystal misfit mod
was put forth by Gai, Subramanian, and Sleight.3 This model
indicated that the superstructure modulation of Bi cupra
comes from the crystal misfit along theb axis between the
Bi2O2 layer and perovskite block. The presence of ext
oxygen atoms in the Bi2O2 layers can be regarded as a co
sequence caused by the crystal misfit. We think that this t
of intercalation of the extra oxygen in the Bi2O2 layers re-
duces the degree of the local structural distortion caused
the crystal misfit. The change in the modulated structure w
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La content in both the Pb-free and Pb-doped~y50.2 or 0.4!
series can be considered to be a result of the enhanceme
the degree of crystal misfit caused by the La31 substitution
for Sr21. For the Pb-free series, since a large amount of e
oxygen is incorporated into the Bi2O2 layers with a decreas
in the modulation periodicity, the degree of the local stru
tural distortion, especially in the Bi2O2 layers, should be
rather small. The Raman spectra shown in Fig. 5~a! surely
reflect this feature, i.e., the vibration modes of both OSr and
OBi atoms do not exhibit a shift in frequency and reduction
intensity with a decrease in the modulation periodicity. Sin
the amount of extra oxygen introduced by the La31 substitu-
tion for Si21 of the y50.2 series is smaller than that of th
Pb-free series, the amount of extra oxygen is not la
enough to depress the local structural distortion and the
gree of local structural distortion should intensify slight
with a decrease in the modulation periodicity. This postu
tion also agree well with the result shown in Fig. 5~b!, in
which a smaller frequency shift and intensity reducti
caused by the enhancement in the local-structural distor
is detected in the vibration modes of the OSr and OBi atoms.
Nevertheless, for they50.4 series, the decrease in the mod
lation periodicity is not accompanied with the intercalati
of more extra oxygens, so it can be expected that the de
of local structural distortion should strengthen remarka
with a decrease in the modulation periodicity. The HRE
images of the samples 0.4/0.35, 0.4/0.7, and 0.4/1.0 show
Fig. 3 give a direct evidence of this expectation. Meanwh
the result of Raman spectra shown in Fig. 5~c! is also in
accord with this expectation, namely a more striking f
quency shift and intensity reduction for the OSr and OBi vi-
bration modes with strengthening in the structural distort
are observed.

Based on the above analysis, it can naturally be postul
that the samples 0.2/1.0 and 0.4/1.0 should exhibit differ
features in the local-structural distortion though they ha
nearly the same modulated structure. The degree of lo
structural distortion in the sample 0.4/1.0 with no extra ox
nd
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gen should be much larger than that in the sample 0.2
with a fraction of extra oxygen. The HREM images shown
Fig. 3~c! and Fig. 4 clearly reflect this kind of difference i
the degree of local-structural distortion between these
samples.

V. CONCLUSION

We have studied the modulated structure of t
Bi2.12yPbySr1.92xLaxCuOz ~y50.2, 0.4; 0.1<x<1.0! series,
the extra-oxygen behavior and the local-structural distort
characteristic associated with the change in the modula
by means of XRD, ED, HREM, Raman scattering, and XP
The relationship of the superstructure modulation, extra o
gen, and the local-structural distortion was discussed. F
these experiments, investigations, and analyses, the fol
ing conclusions may be drawn.

~1! The characteristic of the modulated structure does
depend on the amount of the extra oxygen in the Bi2O2 lay-
ers, which implies that the modulation does not origina
from the intercalation of the extra oxygen.

~2! The crystal misfit between the Bi2O2 layers and per-
ovskite blocks should be the origin of the superstruct
modulation. The intercalation of the extra oxygen weake
the local-structural distortion induced by the crystal mis
The degree of local structure distortion is enhanced wit
decrease in the amount of the extra oxygen in the Bi2O2
layers.

~3! The modulation can also appear in the Bi-based co
pounds with no extra oxygen. But the Bi2O2 layers are cer-
tain to exhibit a strong structure distortion in this case.

ACKNOWLEDGMENTS

This work was supported by the National Center for R
search and Development on Superconductivity and the Fo
dation of National Education Ministry for Outstandin
Young Teachers.
nd

. J.

per,

ys.

ns,

.

B

1H. W. Zandbergen, W. A. Groen, F. C. Mijhoff, G. Tendeloo, a
S. Amelinckx, Physica C156, 325 ~1988!.

2H. W. Zandbergen, W. A. Groen, A. Smit, and G. Tendelo
Physica C168, 426 ~1990!.

3P. L. Gai, M. A. Subramanian, and A. W. Sleight~unpublished!.
4X. B. Kan and S. C. Moss, Acta Crystallogr. B48, 122

~1992!.
5Mao Zhiqiang, Fan Chenggao, Shilei, Yao Zhen, Yang Li, Wa
Yu, and Zhang Yuheng, Phys. Rev. B47, 14 467~1993!.

6P. L. Gay and P. Day, Physica C152, 335 ~1988!.
7A. K. Cheetham, A. M. Chippendale, and S. J. Hibble, Natu

~London! 333, 21 ~1988!.
8H. Niu, N. Fukushima, S. Takeno, S. Nakamura, and K. An
Jpn. J. Appl. Phys.28, L784 ~1989!.

9Mao Zhiqiang, Zhang Hongguang, Tian Mingliang, Tan Shun,
Yang, Wang Yu, Zuo Jian, Xu Cunyi, and Zhang Yuheng, Ph
Rev. B48, 16 135~1993!.

10Mao Zhiqiang, Zuo Jian, Tian Mingliang, Xu Gaojie, Xu Cuny
Wang yu, Zhu Jingsheng, and Zhang Yuheng, Phys. Rev. B53,
12 410~1996!.
,

,

.

11A. Q. Pham, M. Hervieu, A. Maigman, C. Michel, J. Provost, a
B. Raveau, Physica C194, 243 ~1992!.

12Y. Matsui, A. Maeda, K. Uchinokura, and S. Takekawa, Jpn
Appl. Phys.29, 273 ~1990!.

13C. H. Chen, D. J. Werder, G. P. Espinosa, and A. S. Coo
Phys. Rev. B39, 4686~1989!.

14S. Ikeda, K. Aota, T. Hatano, and K. Ogawa, Jpn. J. Appl. Ph
27, L2040 ~1988!.

15M. Onoda and M. Sato, Solid State Commun.67, 799 ~1988!.
16Y. Gao, P. Lee, J. Ye, P. Bush, V. Petricek, and P. Coppe

Physica C160, 431 ~1989!.
17O. Eibel, Physica C168, 215 ~1990!.
18M. Cardona, C. Thomsen, R. Liu, H. G. Vonschnering, M

Hartwey, Y. F. Yan, and Z. X. Zhao, Solid State Commun.66,
1225 ~1988!.

19R. Liu, M. V. Klein, P. D. Han, and D. A. Payno, Phys. Rev.
45, 7392~1992!.


