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The structure of Bi1.7Pb0.4Sr2Ca0.9Cu2O8 sTc=93 Kd was refined from x-ray single crystal diffraction data in
space groupA2aa, a=5.3852s9d Å, b=5.4286s9d Å, c=30.997s6d Å. For this composition, the crystal struc-
ture is free from the structural modulation connected with the presence of additional oxygen atoms in the BiO
layers. Thec-axis lattice parameter is slightly larger in(Bi,Pb)-2212 crystals than in Pb-free Bi-2212 crystals,
but the complete structural refinement revealed an inhomogeneous redistribution of the inter-planar distances.
In particular, the distance between the two neighboring BiO layers has significantly decreased in the
modulation-free phase as compared to the Pb-free phase. We believe that this is a key point in understanding
the widely observed reduction of the anisotropy in Bi-2212 by Pb-doping. The irreversibility line as well as the
onset of the second magnetization peak in modulation-free(Bi,Pb)-2212 crystals were studied. Because of the
strongly reduced value of the anisotropy, the 2D-3D crossover field value,Hcr, is significantly higher in
(Bi,Pb)-2212 crsystals than in Bi-2212 crystals. As a direct consequence of the structural modifications induced
by the removal of the modulation, the nature of the inter-layer coupling changes from electromagnetic in
modulated Bi-2212 to Josephson in modulation-free(Bi,Pb)-2212. Annealing the(Bi,Pb)-2212 crystals under
oxygen reintroduced the structural modulation.
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I. INTRODUCTION

Among the different chemical classes of high temperature
superconductors, the Bi-based cuprates attract great interest,
not only because of their physical properties, but also due to
the peculiarities of their crystal structures.1 One of the rep-
resentatives of this class, the compound of ideal composition
Bi2Sr2CaCu2O8 (Bi-2212), focused attention as high-quality
single crystals became available with a high transition tem-
peratureTc,93 K. The structure of Bi-2212 is strongly lay-
ered, with thick insulating BiO blocks intercalated between
superconducting CuO2 planes. Crystal structure refinements
revealed the presence of an incommensurate modulation con-
nected with a corrugation of the atomic layers. The origin of
this modulation has been the subject of many discussions.2–8

Some authors emphasize the mismatch between translation
units of the CuO2 and BiO layers; others attribute the origin
of the modulation to additional oxygen atoms inserted in the
BiO layers.

From a physical point of view, it soon appeared that the
intrinsic properties of this material impose some severe limi-
tations to its applications. As a result of its layered structure,
the anisotropy of the material is very pronounced.9 This,
combined with high operational temperatures and a short co-
herence lengthj, dramatically enhances the importance of
fluctuations while reducing the effectiveness of pinning.
Consequently, great efforts have been made to improve the
pinning properties in Bi-2212, and cation substitution has
been revealed to be a rewarding path. Chonget al.10 first
reported that the partial substitution of Bi by Pb in Bi-2212
crystals leads to a significant enhancement of the critical cur-
rent densities and of the irreversibility field. Transport mea-
surements further revealed that Pb doping significantly re-

duces the resistivity anisotropy parameterg2=rc/ srarbd1/2 of
the phase.11–13Thec-axis resistivityrc was found to system-
atically decrease with Pb doping, and its behavior just above
Tc to change from semiconducting to metallic. Several sug-
gestions were made to explain this enhancement of the inter-
layer coupling due to the presence of Pb, such as an increase
of the carrier numbers or the creation of an additional cova-
lent type of bonding between the two neighboring BiO lay-
ers. However, the origin of this phenomenon is still not elu-
cidated. Pb doping also affects the structural modulation of
the Bi-2212 phase. The wavelength of the modulation was
shown to increase with increasing Pb concentration.14,15 Re-
cently, we obtained heavily Pb-doped(Bi,Pb)-2212 crystals
free of modulation.16 In this work, we present a detailed
structural analysis of this modulation-free phase, and a com-
parison of the irreversibility and disorder-induced transition
lines of modulated Bi-2212 and modulation-free(Bi,Pb)-
2212.

II. PREPARATION AND EXPERIMENTAL TECHNIQUES

The crystals investigated were Pb free Bi-2212, and Pb
doped (Bi,Pb)-2212 with an actual Pb content of 0.39 per
formula unit, as determined by EDX analysis in combination
with TEM. Single crystals were grown by a slow cooling
technique from mixtures of nominal compositions
Bi2.2Sr2CaCu2Oz and Bi1.4Pb0.8Sr2CaCu2Oz in BaZrO3 cru-
cibles under a protected atmosphere, using a vertical three-
zone furnace. The details of the growth process are described
elsewhere.17 TheTc onset of our as-grown heavily Pb-doped
crystals was found by ac-susceptibility measurements to be
93 K with a transition width of about 10 K. Any attempt to
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sharpen the transition, while keeping the highTc value, was
unsuccessful. EitherTc was significantly reduced, or the
phase decomposed under low oxygen pressure annealing.
The as-grown Pb-free Bi-2212 crystals were annealed in air
at 500 °C for 100 h. Their resultingTc onset was 85 K with
a DTc=1 K. The typical size of the crystals was 232
30.05 mm3.

A fragment s0.4330.1230.016 mm3d was cut from a
large, plate-like(Bi,Pb)-2212 crystal and mounted on a Stoe
IPDS I diffractometer(Mo Ka radiation, graphite monochro-
mator). 2379 reflections were collected out tou=26° s−6
øhø6,−6økø6,−36ø l ø27d in the w-scan mode, yield-
ing 475 unique reflectionssRint=0.095d. An analytical ab-
sorption correction was made considering the size and shape
of the crystalsm=57.134 mm−1d. The structure was refined
by the least-squares method based onuFu values using the
Xtal3.7 system.18 The 51 parameters, including anisotropic
displacement parameters for the metal-atom sites, refined to
R=0.094 andwR=0.052 fw=1/s2suFreludg, considering all
unique reflections.

The magnetic measurements were performed using a
commercial Quantum Design SQUID, and an Oxford Instru-
ments VSM. Field-cooled(FC) and zero-field-cooled(ZFC)
magnetization was measured in an external magnetic field
sH icd up to 50 kOe, using a short scan length of 2 cm. The
remanent field achieved in the ZFC experiments was less
than 0.2 Oe. A proper measurement of the irreversibility line
in platelet crystals is complicated by the existence of surface
barriers and geometrical barriers, which may provide a sig-
nificant contribution to the irreversible magnetization, even
in the absence of bulk pinning. According to Zeldovet al.,19

overcoming the geometrical barriers in a thin crystal of rect-
angular shape involves macroscopic energies, so that the
thermal activation of the vortices over these barriers should
be very weak. This has been observed experimentally in Bi-
2212 crystals with this geometry, where no significant creep
of the vortices was noted over four decades of time(loga-
rithmic scale), and for various temperatures.20 However, our
previously reported measurements of the lower critical field
Hc1 of (Bi,Pb)-2212 crystals have shown that the field at
which flux first penetrates the sample depends on the tem-
perature and on the characteristic time of the experiment.
This shows that thermal activation of vortices over the bar-
riers is significant, and consequently rules out a geometrical
nature of the barriers in these crystals. The influence of sur-
face barriers would be revealed by an irreversibility field
with values depending on the characteristic time of the ex-
periment. To check this point, we have acquired FC-ZFC
data at different temperature sweep rates. As a result, we see
that the position of the irreversibility line(IL ) is independent
of the characteristic time of the experiment. This confirms
the fact that there is no underlying relaxation process influ-
encing the position of the IL, at least within the experimental
time window.

III. CRYSTAL STRUCTURE

A. Structure of Bi-2212

We previously refined6 the average structure of Pb-free
Bi-2212 in the orthorhombic space groupA2aa, a

=5.4161s20d Å, b=5.4112s7d Å andc=30.873s7d Å. The Bi
atoms are distributed over two sites(55% and 45% occu-
pancy), the distance between the partly occupied sites being
0.59 Å. The deformation of the BiO layers with respect to an
ideal rocksalt-type atom arrangement corresponds to a de-
crease of the number of O atoms that surround a Bi atom
from six to three. The Bi atoms hence achieve ac-tetrahedral
coordination, which is typical for Bi3+. The lone electron
pairs are situated between the BiO layers, which are thus
only weakly connected.

The real structure of Bi-2212 is modulated, as indicated
by satellite diffraction reflections. The atom arrangement
changes from one extreme configuration(square mesh) to
another(chains) with a certain periodicity. In theA2aa de-
scription, the modulation vectorq=0.21a* +0.14c* has a
small but significant component alongc, which corresponds
to a translation period of,220.5 Å. The structure is thus
mainly characterized by an incommensurate modulation in
the direction of one of the short translation vectors, with a
translation period of about 4.76 translation units of the aver-
age lattice. Taking into consideration the satellite reflections,
we refined the structure in the monoclinic space group
Cc using a large monoclinic cell, 9 times larger than the unit
cell of the average structure, witha=37.754s7d Å, b
=5.4109s8d Å, c=41.070s9d Å and b=103.58s2d°. Addi-
tional O atoms were detected in the BiO layers so that the
large monoclinic unit cell contains 9330+4=274 atoms(re-
fined composition Bi2.09s2dSr1.90s2dCa1.00s4dCu2O8.22). This in-
corporation of extra O atoms may be considered as the main
factor causing the structural modulation.

B. Structure of (Bi,Pb)-2212

Diffraction patterns of the Pb-doped(Bi,Pb)-2212 crystal
are shown in Fig. 1. The absence of satellite reflections for
the as-grown crystal indicates that the 0.39 Pb atoms per
formula unit have removed the structural modulation present
for Pb-free Bi-2212. The structure was refined in the noncen-
trosymmetric space groupA2aa, cell parameters a
=5.3852s9d Å, b=5.4286s9d Å, and c=30.997s6d Å. The fi-
nal atom coordinates, displacement parameters, and occupa-

FIG. 1. X-ray diffraction patterns, taken with an imaging
plate, of an as-grown single crystal of composition
Bi1.7Pb0.4Sr2Ca0.9Cu2O8+d.
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tion factors are listed in Tables I and II. The starting model
corresponded to the ideal structure of Bi-2212. The Bi/Pb
ratio was fixed to 0.8/0.2, based on EDX analysis. Residual
electron density was found in the Bi layer, which led us to
introduce an additional Bi site(Bi2). Its occupancy was
rather low and was constrained in the refinement to give a
total of 100% for the two Bi sites. This site splitting is simi-
lar to that observed for modulated Pb-free Bi-2212 and indi-
cates that the crystal under investigation is not completely
free of modulation, but contains some stacking faults
s.9%d. Stacking faults in the form of lamellas of the modu-
lated phase were observed on TEM and STM images of crys-
tals with a slightly lower Pb content.16,21,22The presence of
stacking faults in our crystals may also explain the relatively
broad superconducting transition and the presence of a sig-
nificant amount of disorder(see Sec. IV).

The two Bi sites show the largest difference in thex co-
ordinates, which is in agreement with a modulation direction
along a, the distance between the two partly occupied sites
being 0.61 Å. The relatively high equivalent displacement
parameter of the Sr site, which is due to a high component
alonga, can be explained in a similar way. The same is also
true for the displacement parameter of the oxygen site in the
BiO layer (O1). The Cu site, as well as the oxygen sites in
the CuO2 layers(O3 and O4), showed no displacement in the
a direction, with respect to the ideal structure, and their co-

ordinates were fixed at the final stage of the refinement. At-
tempts to refine a partial substitution of Sr by Ca revealed no
Ca on this site, whereas 10% substitution by Bi was found on
the Ca site, located between the CuO2 layers. This gives the
final composition Bi1.70s1dPb0.4Sr2Ca0.90s1dCu2O8.

It has already been observed that substitution of Bi by Pb
in Bi-2212 is accompanied by an increase of the modulation
period.14,15 For example, for a Pb content of 0.3 atoms per
formula unit, the modulation vector was increased from 4.76
to approximately 10. The relative occupancies of the two Bi
sites introduced here can be used to quantify the modulation.
The values obtained for the crystal containing 0.39 Pb atoms
per formula unit studied here(91% and 9%), can be com-
pared with those obtained from the refinement on a single
crystal with a Pb content of 0.34 atoms per formula unit
(84% and 16%).23 For a Pb content close to 0.44 atoms per
formula unit, the periodicity of the structural modulation is
expected to become infinite. Modulation-free structures have
also been reported24 for samples of composition
Bi2−xPbxSr2Y1−yCayCu2Oz in the regionx=s1−y/2d±0.2,0
øyø0.8. These structures, refined in space groupPnan, re-
vealed a large orthorhombic distortion(a/b=0.9913 for x
=0.8, y=0.4, andz=8) and directly superposed chains in
consecutive BiO layers(in the structure of Y-free Bi-2212,
the chains are mutually shifted bya/2).

TABLE I. Atomic coordinates, equivalent or isotropic displacement parameters(Å2), and occupation
parameters in the structure Bi1.7Pb0.4Sr2Ca0.9Cu2O8 [space groupA2aa, a=5.3852s9d Å, b=5.4286s9d Å, c
=30.997s6d Å].

Site Wyckoff position x y z Ueq/iso
a Occ.

Bi1b 8d 0.011(2) 0.2653(4) 0.04990(6) 0.021(2) 0.91(2)

Bi2b 8d 0.124(14) 0.275(4) 0.0506(8) 0.021(2)c 0.09(2)d

Sr 8d 0.529(3) 0.2469(3) 0.1400(1) 0.030(3) 1

Cu 8d 0 0.2508(4) 0.1966(1) 0.018(2) 1

Cae 4c 0.497(4) 0.25 0.25 0.016(5) 1

O1 8d 0.628(7) 0.343(5) 0.0535(12) 0.060(8) 1

O2 8d −0.005s13d 0.225(3) 0.1151(8) 0.031(6) 1

O3 8d 0.25 0.496(15) 0.1991(6) 0.035(6) 1

O4 8d 0.25 0.000(15) 0.2007(6) 0.034(5) 1

aUeq=1/3oio jai
*aj

*ai ·aj .
bBi1wBi2wBi0.8Pb0.2.
cConstraintUij sBi2d=Uij sBi1d.
dConstraint occ.sBi2d+occ.sBi1d=1.
eCawCa0.90s1dBi0.10s1d.

TABLE II. Anisotropic displacement parameterssÅ2d of the metal-atom sites in the structure of
Bi1.7Pb0.4Sr2Ca0.9Cu2O8 (space groupA2aa).

Site U11 U22 U33 U12 U13 U23

Bia 0.025(4) 0.0213(6) 0.0157(5) −0.012s2d −0.002s2d −0.0004s4d
Sr 0.044(5) 0.026(2) 0.018(1) 0.003(2) 0.000(5) −0.0017s8d
Cu 0.023(3) 0.020(2) 0.013(2) −0.026s3d −0.005s4d 0.0003(9)

Ca 0.010(6) 0.022(5) 0.015(3) 0 0 −0.001s2d
aUij sBid=Uij sBi1d=Uij sBi2d.
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C. Comparison of Bi-2212 and (Bi,Pb)-2212

It can be seen from Fig. 2 that the unit cell parameter
along the stacking direction is slightly larger for(Bi,Pb)-
2212 than for the Pb-free phasesDc=0.124 Åd. Considering
that there are 14 layers in the translation unit, the mean in-
crease per layer is very small, less than 0.01 Å. However, a
closer analysis of the crystal structure reveals an inhomoge-
neous distribution of the overall increase. The distance be-
tween the two Bi layers has in fact decreased by 0.13 Å,
whereas all other inter-layer distances have increased by

0.02–0.04 Å. Even shorter distances between Bi layers have
been reported24 for modulation-free Y-containing(Bi,Pb)-
2212. The decrease of the distance between the Bi layers is
in agreement with the fact that these layers are no longer
corrugated, but planar. The bonds between the Bi atoms and
the O atoms belonging to the neighboring Sr layers(site O2),
which represent the shortest Bi-O distances in the structure,
have become approximately perpendicular to the Bi layer.
This explains the increase of the corresponding inter-layer
distance. The average angle between the Bi-O2 bonds and
the plane formed by the Bi atoms is 82.6°, which can be
compared with the corresponding angle 76.9° in Bi-2212.
These structural changes are accompanied by an increase of
the orthorhombicity[a/b=1.0009s5d and 0.9920(3) for Bi-
2212 and(Bi,Pb)-2212, respectively].

Figure 3 shows a projection of two consecutive BiO lay-
ers along the[010] (nonmodulated) direction, and a projec-
tion of the lower layer(two identical chains) along the stack-
ing direction, for modulated Pb-free Bi-2212. The periodicity
along the[101] diagonal of the large monoclinic cell, indi-
cated by the long arrow, corresponds to two translation units
of the modulation wave(the dotted lines delimit the ortho-
rhombic unit cell of the average structure). The figure shows
the periodic change from zigzag chains of corner-linked
c-tetrahedra to a rocksalt-type atom arrangement. The dis-
placement of the Bi sites from the ideal rock-salt positions,
perpendicular to the atom layers(transverse) and parallel to
the modulation direction(longitudinal), are represented by
graphs. They are described by sinusoidal curves where the
maxima of the transverse displacement wave correspond to
zero amplitude of the longitudinal displacement wave, and
vice versa. The displacement of the oxygen atoms along the
chains is described by a saw-like function, a linear section of
which is shown by a dashed line. At a certain point, the
displacement has become so large that an additional oxygen
atom can be inserted. The result appears as a splitting of the
ideal O site for a rocksalt-type arrangement into two sites
(see the small arrows). The insertion of an additional O atom
takes place every ninth Bi atom and defines the translation
unit of the modulation wave. Thus, the actual composition of
the layer is Bi9O10 (Bi2O2.22 per formula unit), leading to a

FIG. 2. Structures of Bi-2212(average) and (Bi,Pb)-2212 in
projections along[010]. The large circles are cations and the small
circles are oxygen atoms.

FIG. 3. Projection of(a) two consecutive BiO
layers along[010] and (b) one BiO layer(two
identical chains) along the stacking direction for
modulated Bi-2212. The graph(c) shows the dis-
placement of the Bi and O atoms from the ideal
rocksalt positions.
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total oxygen content 8.22 per formula unit. This deviation
from electro-neutrality, which is partially compensated for by
the presence of Bi3+ in the Ca layers, is a crucial parameter
for the existence of the superconducting phase. The partial
elimination of oxygen by annealing under reducing condi-
tions does not remove the modulation, but produces more
serious structural changes, which are accompanied by a de-
crease ofTc for underdoped compositions. The same is true
for heavily overdoped samples, where the modulation vector
can be even larger and more interstitial O atoms can be in-
corporated into the BiO layers. By replacing part of the cat-
ions by chemically similar cations in a lower oxidation state,
it is possible to keep the same electron concentration while
removing the additional O atoms, and thus to suppress the
modulation. This can be achieved by substituting 22% of
Bi3+ by Pb2+: Bi2

3+Sr2CaCu2O8.22→Bi1.56
3+ Pb0.44

2+ Sr2CaCu2O8.
Figure 5 shows two projections of the BiO layers in
modulation-free Pb-doped(Bi,Pb)-2212, which can be di-
rectly compared with the ones presented in Fig. 3(the Bi2
site with 9% occupation has been ignored). The arrangement
of Bi and O atoms can be considered as distorted rocksalt-
type.

The EDX analysis of the Pb content indicated 19.5% sub-
stitution of Bi by Pb, which is in good agreement with the
quasi-absence of modulation. Consequently, the oxygen con-
tent should be close to 8 atoms per formula unit. It seems
reasonable to believe that modulation-free(Bi,Pb)-2212 can-
not be underdoped by oxygen without causing serious struc-
tural changes. However, it may be overdoped, but the inser-
tion of additional O atoms into the BiO layers would again
produce a modulated structure. In order to test this hypoth-
esis, we annealed the Pb-doped crystal in oxygen atmosphere
at T=500 °C for 100 h. The satellite reflections observed in
Fig. 4 confirm that the structure of the annealed crystal is
effectively modulatedsq.0.10a* d. During the annealing,
additional O has been introduced and the oxidation state of
Pb has probably in part changed from 2+ to 4+. The forma-
tion of modulation-free(Bi,Pb)-2212 is thus expected to be
favored at low partial oxygen pressures.

The interatomic distances for the metal atoms given in
Table III are in agreement with expected values. The Bi at-

oms have three O atoms at shorter distances, confirming the
distorsion of the octahedral coordination corresponding to
the ideal rocksalt-type atom arrangement into a
c-tetrahedron(Fig. 6).

IV. MAGNETIC PROPERTIES

Figures 7 and 8 show the IL obtained for a modulated
Bi-2212 crystal and for a modulation-free(Bi,Pb)-2212 crys-
tal. The onset,Hon, of the second magnetization peak(SP), as
determined from SQUID and VSM hysteresis loops, is
marked by open squares. Looking at the shape of the IL line,
one can observe a clear change in its temperature depen-
dence at a characteristic magnetic field, which we labelHcr.
This effect has been attributed to a change in the dimension-
ality of the vortex lattice from a 3D lattice at low fields to a

FIG. 4. X-ray diffraction patterns, taken with an imaging plate,
of a single crystal of composition Bi1.7Pb0.4Sr2Ca0.9Cu2O8+d an-
nealed in oxygen.

TABLE III. Selected interatomic distances(Å) in the structure
of Bi1.7Pb0.4Sr2Ca0.9Cu2O8.

Atoms d Atoms d

BiauO2 2.04(2) BibuO2 2.08(3)

uO1 2.11(4) uO1 2.14(5)

uO1 2.22(3) uO1 2.70(8)

uO1 3.29(4) uO1 2.74(8)

uO1 3.35(4) uO1 3.25(5)

uO1 3.36(3) uO1 3.35(3)

SruO3 2.59(5) CuuO3 1.90(6)

uO4 2.60(4) uO4 1.92(6)

uO2 2.62(7) uO4 1.92(6)

uO2 2.68(2) uO3 1.93(6)

uO3 2.73(4) uO2 2.53(2)

uO4 2.76(4) Cab
u2 O4 2.44(5)

uO1 2.78(4) u2 O4 2.45(5)

uO2 2.98(2) u2 O3 2.46(5)

uO2 2.98(7) u2 O3 2.50(5)

aBi1wBi2wBi0.8Pb0.2.
bCawCa0.90s1dBi0.10s1d.

FIG. 5. Projections of(a) two consecutive BiO layers along
[010] and (b) one BiO layer(two identical chains) along [001] for
modulation-free(Bi,Pb)-2212.
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quasi-2D lattice at higher fields.25 Below Hcr, the inter-plane
interactions between pancake vortices are dominant, thus
forming well defined 3D objects. AboveHcr, the in-plane
interactions become dominant and the vortex lattice becomes
essentially two dimensional.

The description of the crossover fieldHcr depends on the
origin of the main inter-plane interaction between the pan-
cake vortices.26 In strongly layered Bi-2212, the inter-plane
coupling occurs via electromagnetic and Josephson
interactions.27,28 The characteristic length of the electromag-
netic interaction is the electromagnetic in-plane penetration
depthlab. In the case of Josephson coupling, this character-
istic length is given bygd, whereg is the anisotropy value
and d is the distance between CuO2 planes of consecutive
slabs. If lab.gd, the Josephson interactions dominate and
the crossover field is given byHcr.f0/g2d2. In the case

lab,gd, the electromagnetic interactions take over and the
crossover field isHcr.f0/lab

2 . For the Pb-free Bi-2212 crys-
tals studied here, we measured17 an anisotropy value ofg
=165, so thatgd=2500 Å is of the order of the low-
temperature value of the penetration depth.29 This suggests
that both interactions have to be taken into account. The
experimentally found crossover field valueHcr.450 Oe is
in good agreement with each of the two expressions intro-
duced above. Aegerteret al.30 have studied the dimensional
crossover in Bi-2212 as a function of the oxygen content.
Their results indicated thatHcr depends on the in-plane pen-
etration depthlab, rather than on the anisotropyg, and thus
point out that the electromagnetic inter-plane interactions be-
tween the pancake vortices are dominant. More recently,
Correa, Kaul, and Nieva26 published a study aiming to solve
the controversy on the nature of the inter-layer coupling in
Bi-2212. They showed that, close to optimal doping, inter-
layer coupling is mainly electromagnetic and turns to Jo-
sephson character only for strong over-doping.

For the modulation-free(Bi,Pb)-2212 crystals, we see
from the IL that the 2D-3D crossover occurs at a signifi-
cantly higher applied magnetic field,Hcr.2250 Oe.
The crossover expressions based on electromagnetic interac-
tions yield an abnormally low value of the in-plane penetra-
tion depth, lab.960 Å. Previous measurements16 on
modulation-free(Bi,Pb)-2212 led to a valuelab.2000 Å at
T=30 K. Using the crossover expression based on the Jo-
sephson interactions, we obtain an anisotropy valueg=63,
which self-consistently fills the conditiongd,lab. We note,
however, that this anisotropy value is larger than the one
previously found experimentally,16 gexp.25. Interestingly,
this change in the nature of the inter-layer coupling is not a
consequence of overdoping, but stems directly from the
structural changes induced by the removal of the modulation.
Indeed, theTc onset of the modulation-free crystals corre-

FIG. 6. Environment of the site Bi1 in modulation-free
(Bi,Pb)-2212.

FIG. 7. Irreversibility linesHirr d and the disorder-induced tran-
sition line of a Pb-free Bi-2212 crystal. The quasi-ordered Bragg
glass phase forms at low magnetic fields, and is bounded by the
onset of the second magnetization peakHon. Above this transition,
the system becomes entangled. Due to the very high anisotropy of
the crystal, the entanglement also corresponds to a change in di-
mensionality of the vortex lattice, which becomes quasi-2D. This
crossover is revealed by a clear change in the temperature depen-
dance of the IL at a characteristic field,Hcr on the graph.

FIG. 8. Irreversibility linesHirr d and disorder-induced transition
line of a modulation-free Pb-doped(Bi,Pb)-2212 crystal. Note that
the second magnetization peak extends up toTc, with an onset field,
Hon, which is nearly independent of the temperature up toT
=75 K. This is the signature of a large amount of disorder in the
crystal. The entanglement transition no longer corresponds to the
2D-3D crossover, which occurs at a higher applied magnetic field.
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sponds to the optimal doping state of Bi-2212, as the charge
introduced in the system by the substitution Bi3+→Pb2+ is
compensated by the removal of the extra oxygen atoms. We
thus conclude that the structural changes induced by the re-
moval of the modulation, namely the shortening of the dis-
tance between the Bi atom planes, lead to a modification in
the nature of the main inter-plane interaction between the
pancake vortices from electromagnetic to Josephson type.

A second interesting difference between Pb-free and Pb-
doped Bi-2212 crystals comes from the relationship between
the SP line,Hon, and the position of the dimensional cross-
over, Hcr. The second-peak structure is the signature of a
disorder-driven transition from the low-field/low-temperature
long-range ordered Bragg glass to an entangled phase where
dislocations proliferate.31–34This transition usually manifests
itself by a sudden increase in the irreversible magnetization
and is readily observed in magnetization hysteresis loops as a
distinct second-magnetization peak.35–37 Because of the ex-
treme anisotropy of the Bi-2212 crystals, the entanglement of
the vortex lattice also corresponds to a decoupling of the
planes, as can be seen in Fig. 6 from the equivalenceHsp
=Hcr.450 Oe. In (Bi,Pb)-2212, these two characteristic
fields are clearly distinct, the lattice entering first the en-
tangled regime atHsp=220 Oe before decoupling at a higher
magnetic fieldHcr.2250 Oe. In the Pb-doped(Bi,Pb)-2212
crystals, a significant amount of disorder is revealed by the
persistence of the second-peak structure nearly up toTc. An
obvious consequence of an excess of disorder is to lower the
field at which the disorder-induced transition occurs. Hence,
in the(Bi,Pb)-2212 crystals, it is difficult to assess the role of
the disorder and of the reduced anisotropy in the separation

between the disorder-induced transition line and the decou-
pling line.

V. CONCLUSION

A partial substitution of Bi by Pb in Bi-2212 is accompa-
nied by the removal of the additional O atoms in the BiO
layers. For a replacement of,20% of Bi3+ by Pb2+ the ap-
parent translation unit of the structural modulation becomes
infinite (no modulation). The BiO layers are no longer cor-
rugated and the distance between neighboring Bi layers has
decreased from 3.22 Å in Pb-free Bi-2212 to 3.09 Å in
modulation-free heavily Pb-doped(Bi,Pb)-2212. As a direct
consequence, the anisotropy of the modulation-free crystals
is strongly reduced and the nature of the inter-layer coupling
changes from electromagnetic in Pb-free Bi-2212 to
Josephson-like in heavily Pb-doped(Bi,Pb)-2212. Annealing
the crystals under oxygen reintroduces the structural modu-
lation. The present study is thus in favor of attributing the
origin of the structural modulation in Bi-based superconduct-
ing cuprates to the presence of additional oxygen atoms in
the BiO layers.
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