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Doping dependence of the in-plane penetration depth and fishtail
in Bi2Sr2Ca12xYxCu2O81d single crystals

G. Villard, D. Pelloquin, and A. Maignan
Laboratoire CRISMAT, ISMRA et Universite´ de Caen, Unite´ Mixte de Recherche (UMR 6508) associe´e au CNRS,

6 Bd du Maréchal Juin, 14050 Caen Cedex, France
~Received 7 April 1998!

We report on the London penetration depthlab(0), measurements, and second peakH̃ determination in
Bi2Sr2Ca12xYxCu2O81d ~Bi-2212! crystals with different doping levels. By combining cationic substitutions
and oxygen pressure annealings, crystals with a doping state going from the underdoped to overdoped regime
have been obtained. The correspondinglab(0) values, deduced from reversible magnetization measurements
have allowed us to evidence a ‘‘boomerang’’ shape for theTc@1/lab

2 (0)# curve in the 0.8<Tc /Tc
max<1 region.

Moreover, otherTc@1/lab
2 (0)# values for superconducting crystals of Hg- and Tl-based cuprates are found to

fit well with this boomerang path, demonstrating its universal nature. The overdoped side of the boomerang for
the Bi-2212 crystals clearly shows that 1/lab

2 (0) decreases as the doping level is increased. Since by the same

time the characteristic field of the fishtailH̃ monotonously increases, we have thus established thatH̃ increases

with 1/lab
2 (0) decreasing. Consequently, the linear relationH̃5F0 /lab

2 (0) predicted by the electromagnetic
model cannot account alone for the present experimental results in the overdoped regime.
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I. INTRODUCTION

In recent years, the large number of studies devoted to
superconducting cuprate Bi2Sr2CaCu2O81d ~Bi-2212! have
enlightened the peculiar behavior of its magnetic phase
gram for the geometryHic. One of the most intriguing fea
tures is the magnetic hysteresis anomaly, whose signatu
a second peak on the magnetic hysteresis loop, that has
been observed in other many type-II high-temperature su
conducting ~HTSC! cuprates~see Ref. 1, and reference
therein!, as well as in Ge/Pb superlattices2 and organic
superconductors.3 The corresponding enhancement of t
persistent current density in a field parallel to thec axis has
been interpreted with models based on increased pinnin
oxygen deficient sites,4 effect of surface barriers,5 vortex and
defect matching,6 and dimensional crossover.7 In a highly
anisotropic material such as Bi-2212, the mixed state can
described in terms of two-dimensional~2D! vortices ~pan-
cake vortices! which are confined to the CuO2 planes and are
coupled from one layer to another by Josephson8 and
electromagnetic9 coupling. When the coupling is stron
enough, the concept of vortex line can then be meaning
In Bi-2212, both muon-spin rotation~mSR! and small-angle
neutron scattering~SANS! experiments reveal a transitio
from a lattice of flux lines to a lattice of pancake vortices
a region of the~H,T! diagram which coincides with tha
where the magnetization second peak appears~see Ref. 10,
and references therein!. However, although such a dimen
sional crossover explanation for the fishtail feature is bac
up by further experimental studies,10 less is known about the
underlying parameters which govern this transition. It is e
pected that for highly anisotropic compounds electrom
netic ~em! coupling is the dominant coupling mechanism b
tween pancake vortices.9 In this case, a crossover behavior
expected for Bcr values aroundBcr5Bem5F0 /lab

2 (0),
PRB 580163-1829/98/58~22!/15231~7!/$15.00
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wherelab is the London magnetic penetration depth andF0

is the flux quantum. As the anisotropyg decreases, the tun
neling Josephson current effect increases and it becomes
dominant whengs,lab(0); a transition is therefore ex-
pected to occur atBcr5BJ5F0 /(gs)2, wheres describes a
length scale in thec direction and is associated with th
repeat distance between superconducting planes or grou
planes~in Bi-2212,s5c/2;15 Å!.11

As far as it is known, the vortex state in Bi-2212 is in th
limit where electromagnetic coupling is dominant over t
Josephson coupling.9 Corroboration of this statement i
given by both a recent magnetic relaxation measuremen
Bi-2212 ~Ref. 12! which predicted a transition atBcr

5F0 /lab
2 (0), and amSR study11 which also found such a

linear relation betweenBcr and 1/lab
2 (0).

Nevertheless, this picture has to be compared to
‘‘boomerang’’ path foreshadowed by Uemuraet al.,13 and
then completed through additionalmSR experiments.14,15 In
this case, starting from the most underdoped state, the
temperaturemSR relaxation rates(0)}ns /mab* }1/lab

2 (0)
~wherens is the superconducting carrier pair density andmab*
is the in-plane effective mass! first increases as the dopin
state increases, then reaches a maximum value in the slig
overdoped region, and finally decreases as the doping l
increases in the overdoped region. In other words, thiss~0!
turnback means that the curveTc@1/lab

2 (0)# exhibits a boo-
merang path. However, since the second peak field pos
regularly increases from the slightly underdoped to
strongly overdoped state~as shown, for instance by Kishio
et al.16 for Bi-2212 crystals!, one must clarify this discrep
ancy between the proposed linearBcr}1/lab

2 (0) relation, the
observed proportionality of this characteristic field with t
doping state and the existence of a boomerang path for
Tc@1/lab

2 (0)# curve.
15 231 ©1998 The American Physical Society



e
o

ior
ts
o
rt

is

r
el
ti

er

-
e

y
be
ra
ta
g

m

siv
d
pr

h
o

ry
b
t

io
ll

e
e

ct
b

ve

ts
p

op
tu

c
l
s

he

e

esis
m-
the

n at

the

ct

ss
ong
h as

re-
-

d

ls

by

als
ct

the

15 232 PRB 58G. VILLARD, D. PELLOQUIN, AND A. MAIGNAN
The growth of Bi2Sr2Ca12xYxCu2O81d ~Bi@Y#-2212!
crystals has allowed us to vary the doping state from und
doped to overdoped through the controlled substitution
Y31 for Ca21.17,18 We have thus investigated the behav
of lab(0), as obtained from magnetization measuremen
with respect to the doping state for our series
Y-substituted Bi@Y#-2212 crystals. In this paper, we repo
on the evidence of a boomerang effect for theTc@1/lab

2 (0)#
relation for Bi@Y#-2212 crystals whose doping state
controlled by both the Ca21/Y31 substitution and also by
oxygen pressure annealings. Our results suggest that fo
most overdoped crystals, the second peak magnetic fi
can no longer be explained with the electromagne
model. However, comparison with more isotropic sup
conductors, such as Tl0.5Pb0.5Sr2CaCu2O71d ~Tl@Pb#-1212!,19

Hg0.8Cu0.2Ba2CuO41d ~Hg@Cu#-1201!,20 and
Hg0.8V0.2Ba2CuO41d ~Hg@V#-1201!,21 show that even the
most overdoped Bi@Y#-2212 crystals remain strongly aniso
tropic superconductors in contrast with the thallium-bas
and mercury-based materials.

II. EXPERIMENTAL

The Bi2Sr2Ca12xYxCu2O81d crystals used in this stud
were grown by a self-flux method which has been descri
elsewhere.18 This earlier paper also described the structu
investigations undertaken to check the quality of our crys
and to analyze their cationic compositions. In the followin
the different compositions~x! of our Y-substituted single
crystals will be referred to as the final analyzed crystal co
position ~x50.21, 0.28, 0.36, and 0.43!. In summary, com-
position analyses were determined from energy disper
x-ray spectroscopy~EDS! with a Kevex analyzer mounte
on a 200 kV electron microscope. For each batch, a re
sentative as-grown crystal exhibiting a typicalTc was
crushed to prepare the grid for electron microscopy. T
compositions were established by averaging the values
tained from EDS on at least twelve fragments. For each c
tal, a slight scatter in the data for the Y/Ca ratio was o
served. In particular, one must emphazise that this effec
maximum for the highest yttrium concentration (x50.43),
and is estimated to 10%. This observation forx50.43
is consistent with its broad superconducting transit
(DTc

10– 90 %;15 K) in comparison with the transition of a
other crystals (0<x<0.36) that exhibitDTc

10– 90 % values in
the range 3–5 K.18 Consequently, the result obtained for th
x50.43 crystals precludes further extensive study on th
composition. The resistivity along thec axis, denotedrc , is
determined by using a dc technique. Crystals were conta
by using a direct configuration. The contacts were made
attaching gold wires with a silver paint on evaporated sil
stripes~two on eachab face of the crystal!. The current is
then applied along thec axis between two facing contac
and the voltage drop is measured parallel to it. This sim
contacts configuration results in good estimate ofrc , as dis-
cussed in Ref. 22 for Bi-2212 crystals. The magnetic pr
erties were investigated using a dc superconducting quan
interference device~SQUID! magnetometer with magneti
fields up to 5.5 T along thec axis. For the experimenta
details of the reversible and irreversible measurements,
Ref. 18. Thelab(T) values of our crystals are deduced in t
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framework of the London model23 from measurements of th
isothermal magnetization versus fieldMT(H). A fit of these
lab(T) data in the BCS clean limit approximation24 leads to
the extrapolatedlab(0) values.

Concerning the irreversible measurements, the hyster
loops of our crystals exhibit, at certain characteristic te
peratures, the anomaly referred to as the fishtail effect. In
field-ascending branch, the peak of complete penetratio
Hp is followed by an unexpected second peak atHmax. A
mirror image of this second peak is also observed on
reverse leg of the loop atHmax8 ;Hmax. In previous studies,
the Hmax8 value was found to characterize the fishtail effe
~see Ref. 1, and references therein! and referred asHSP ~SP:
second peak!. This latter was usually considered to be le
temperature dependent in Bi-2212 with regard to the str
dependence of its value in less anisotropic compound suc
YBaCuO.4 Nevertheless it slightly increases asT decreases.
On the opposite, theH̃ value corresponding to thedM/dH
peak is found to saturate towards low temperature as
ported previously.25 Moreover the authors of Ref. 25 ob
served that this low temperature value ofH̃ coincides with
the mSR crossover fieldB* (5 K). In the following we will
thus refer toH̃ as the characteristic field of fishtail effect.

III. RESULTS

A. Doping state in the Bi2Sr2Ca12xYxCu2O81d crystals

We have recently demonstrated17,18 that substitutions of
low concentrations of Y31 on the Ca21 site lead to a set of
samples with differentTc values. The final EDS determine
Y contentsx and their correspondingTc values18 are shown
in Fig. 1. We have added the data of Y-rich crysta
(x50.43) and those corresponding to crystals withx50,
0.21, 0.28, and 0.36 which have been strongly overdoped
annealing under oxygen pressure (PO2

5100 bar, T

5540 °C, time512 h!. We interpret this development ofTc
around an optimum value of 91.5 K for the as-grown cryst
~see Fig. 1! in terms of a competition between two distin
phenomena. As shown previously for ceramics,26 the in-
crease ofx is accompanied by a continuous increase of

FIG. 1. Tc versus Y contentx ~deduced from EDS analysis! for
crystals of the Bi2Sr2Ca12xYxCu2O81d series, as-grown~AG!, and
after annealing under oxygen pressure (PO2

).
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TABLE I. Characteristic parameters of Bi2Sr2Ca12xYxCu2O81d single crystals.

Doping Tc rc lab(0) 1/lab
2 (0) F0/lab

2 (0) H

x state ~K! q2 ~V cm! ~Å! (107 Å 22) ~G! ~G!

0.43 UD 86 4.53 210620
0.36 UD 88 4.56 0.460.1 2980610 1.13 235 250650
0.28 ;OPT 91.5 4.67 3.260.5 2590615 1.49 310
0.21 OD 89.5 4.75 462 1900615 2.77 575 380620
0 OD 82 4.84 662 2220620 2.03 420 240610

0.28PO2
OD 81 2280615 1.89 400

0.21PO2
OD 77 2300615 1.92 390 550625

0PO2
OD 73 4.64 0.960.1 2590620 1.38 310 500650
tl
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oxygen content. This oxygen uptake is too small to exac
compensate the Y31/Ca21 valence substitution, resulting in
regular decrease in the number of holes in the CuO2 planes
as the Y contentx increases. This mechanism of partial com
pensation tends to become less and less efficient asx in-
creases. The initially, slightly overdoped Y-free Bi-221
(Tc582 K) can thus be driven to an optimum doping sta
corresponding tox50.28 (Tc591.5 K), and also to the un
derdoped regime for higher Y contents~x50.43,Tc586 K!.
This hypothesis of increasing oxygen content with increas
x in our crystals has been confirmed from both the study
the incommensurate modulation as reflected in the valu
the q2 vector, and from transport measurements. The
crease ofq2 with increasingx ~x50.21, q254.75 to x
50.43,q254.53!18 is comparable to the order of magnitud
decrease observed in thex50 crystal with annealing~from
q254.84 without annealing toq254.64 after annealing un
der oxygen pressure! ~see Table I!. The similar decrease o
q2 for both Y-substituted and Y-free Bi-2212 crystals su
ports the hypothesis of an increased oxygen uptake with
creased Y concentrations and is consistent with results

FIG. 2. Tc /Tc
max versus hole dopingp for different as-grown

Bi@Y#-2212 crystals withx50, 0.21, 0.28, 0.36, and 0.43, and fo
PO2

annealed ones denoted 0PO2
, 0.21PO2

, and 0.28PO2
. Here the

curve corresponds to Eq.~1! assumingTc
max592 K. Thep values of

the different compositionsx of the Bi@Y#-2212 crystals are thus
deduced from the knowledge of theirTc and doping state~UD:p
,0.16, OD:p.0.16!.
y
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ported for ceramics.27 Moreover, previous studies in Y-fre
Bi-2212 crystals, report a systematic decrease of the out
plane resistivity rc(T5300 K) with increasing oxygen
content.28,29 This has been ascribed to the improved met
licity of the @BiO#` layers~rc decrease! as the oxygen con-
tent increases.30 We indeed observed arc decrease fromrc
5662 V cm to rc;0.9V cm after heavily doping ax50
crystal, in agreement with results of Refs. 28 and 29. In t
respect, although the doping level decreases asx increases,
the monotonousrc decrease observed in the Bi@Y#-2212
crystals, ~x50, rc5662 V cm; x50.36, rc50.46
0.1V cm! ~see Table I! confirms that the oxygen conten
increases with x. As a result, the as-grown, heavil
Y-substituted crystals~x50.36 andx50.43! must already be
strongly oxygenated, explaining why it is not possible
modify their Tc by annealing under oxygen pressure~see
Fig. 1!.

So, the Y for Ca substitution, as well as oxygen dopin
provide a good way to span the whole range of doping, fr
the heavily overdoped to the underdoped regime. Since
HTSC’s are characterized by an approximately parabolic

FIG. 3. 1/lab
2 (0) dependence ofTc /Tc

max for the Bi@Y#-2212
system ~d!, an optimized Hg@Cu#-1201 ~h!, overdoped Hg@V#-
1201 ~L!, and a strongly overdoped Tl@Pb#-1212 ~n!. The arrows
point to the direction of increasing doping levelp. The dashed line
is a guide for the eyes.
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pendence ofTc on the doping level, i.e., the hole concentr
tion p, the above results on our Bi@Y#-2212 crystals can be
summarized on aTc(p) curve. Preslandet al.31 showed that
the relationship ofTc /Tc

max to p is described by the parabol

Tc /Tc
max51282.6~p20.16!2, ~1!

which was first demonstrated for La22xSrxCuO41d data,
but also describes other systems as well such
Bi1.9Pb0.2Sr2Ca0.9Cu2O81d.

32 Although Katoet al.33 founded
that in the Bi-2212 system the value ofpmax;0.05, at which
Tc is maximum, is smaller than the 0.16 value of Eq.~1!, the
shape of theTc(p) curve was found to be similar to tha
described by Eq.~1!. Since we do not have direct informa
tion on thep values of our crystals, we have supposed t
the relationship betweenTc and the doping state in the B
2212 system, controlled through Y31 for Ca21 substitution
and PO2 annealing, is also conveniently approximated by E
~1!. Then, knowing that forx,0.28 our crystals are over
doped~see Fig. 1 and discussion above! and assumingTc

max

to be 92 K, the correspondingp values are deduced from Eq
~1! for each kind of crystal. This allows us to draw qualit
tively the Tc(p) curve for our crystals~see Fig. 2!. Never-
theless, there remains an uncertainty concerning the ne
optimized x50.28 composition. The hypothesis that it
slightly underdoped~Fig. 2! will be confirmed in the follow-
ing.

B. Tc†1/lab
2
„0…‡: ‘‘Boomerang’’

The resultinglab(0) data for thex50, 0.21, and 0.28
crystals annealed under oxygen pressure and for thex50,
0.21, 0.28, and 0.36 as-grown crystals of Ref. 18 are repo
in Fig. 3 in the formTc@1/lab

2 (0)# so that a direct com-
parison is possible with themSR data, i.e.,Tc@s(0)# with
s(0)}1/lab

2 (0). Nevertheless, since the absolutelab(0)
values are known to strongly depend on the way they h
been determined, the comparison withmSR data will remain
qualitative. However, in order to validate the general trend
the observedTc@1/lab

2 (0)# behavior, we also added on th
plot of Fig. 3 data obtained from the same type of measu
ments, on different crystals with well-known doping state
optimized Hg0.8Cu0.2Ba2CuO41d ~Hg@Cu#-1201,Tc5
96 K!,20 slightly overdoped Hg0.8V0.2Ba2CuO41d ~Hg@V#-
1201, Tc588 K!,21 and overdoped Tl0.5Pb0.5Sr2CaCu2O71d

~Tl@Pb#-1212, Tc580 K!.19 This Tc versus 1/lab
2 (0) curve

clearly mimics the ‘‘boomerang path’’ observed bymSR
measurements. In the underdoped regime, 1/lab

2 (0) increases
with Tc , and thus with the number of charge carriersp,
which is consistent with the 1/lab

2 (0)}ns /m* relation. In
the optimally doped, as well as in the slightly overdop
region, 1/lab

2 (0) still increases with the carrier concentr
tion; 1/lab

2 (0) reaches a maximum corresponding
lab(0)51900615 Å, and then starts to decline withTc
whereasp continues to increase. Thus, in the overdoped
gion, although the normal state carrier concentrationp in-
creases,ns /m* decreases. This was previously ascribed
the progressive reduction of pair lifetime arising from p
breaking.14,34

Although an increase of 1/lab
2 (0) with increasingp is

observed in the underdoped region for our crystals~see Fig.
s
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ed
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3! as expected from previous studies,13–15the lack of data in
this region precludes us from drawing any comparison c
cerning the evolution of 1/lab

2 (0) with Tc to the ‘‘Uemura
plot’’. 13 Nevertheless, in the overdoped region, 1/lab

2 (0) de-
creases quasilinearly withTc as has been previously reporte
on overdoped ceramics of Tl-2201~Ref. 14! from mSR mea-
surements. The general shape of our boomerang curve
gests moreover that the nearly optimizedx50.28 crystal is
slightly underdoped, justifying its position in Fig. 2. Finally
the rather good fit of the data for Hg and Tl-based cryst
with the Bi@Y#-2212 curve, agrees well with the expecte
universal behavior for HTCS’s.13–15,34

C. Fishtail effect in Bi†Y‡-2212, importance
of the Tc†1/lab

2
„0…‡ boomerang

Although it is not well understood, a common trend ten
to emerge for the relationship between the fishtail posit
and the doping level in the superconducting cuprates.
instance, it was shown that the carriers content increase
oxygen doping or by nonisovalent cationic substitutio
shifts this line to higher fields for materials in the overdop
~OD! regime of Bi2Sr2CaCu2O81d,

6,16,35–37 Tl2Ba2CuO61d

FIG. 4. Reduced temperaturet5T/Tc dependence of two char
acteristics fields of the fishtail feature in our Bi@Y#-2212 crystals
with different Y contentx, as-grown~AG x50, 0.21, 0.36, and
0.43!, and afterPO2

annealing~PO2
x50 and 0.21!, ~a!: Hsp and~b!:

H̃ ~see text!.

FIG. 5. Doping dependence of the characteristic fieldH̃ for the
fishtail effect in the Y-substituted series Bi2Sr2Ca12xYxCu2O81d, as
well as Y-free crystal (x50). Data corresponding toPO2

annealed
crystals~x50 andx50.21PO2

! are also added. The dotted lines a
just guide for the eyes.



n
n
ila
g
om
f
-
he

r.
n-
y.
a

r-
s
a
n

te
e

c
r

e

-
er
ain
e
th
th

r-
m
x-

h

he
-

ies

n
ve
d

d

t

the

of
h
a

-
ne
pth
us

n
e
lead-

-

-

re-

e
ates

at

also
vel

lt is
ing
s a
es.
the

ned

PRB 58 15 235DOPING DEPENDENCE OF THE IN-PLANE . . .
~Tl-2201!,38 and (La12xSrx)2CuO4 ~La-214!.39 But the effect
of increasing hole concentrations through anionic or catio
doping must be studied over the whole range of doping i
single system to draw out any general conclusion. A sim
enhancement of the fishtail line as a response to an oxy
content increase is observed in the optimum region fr
the underdoped ~UD! to the overdoped regime o
YBa2Cu3O72d.

40 Another investigation of Sr doping in La
214 ranging from the UD to the OD regime supports t
expected increase of the second peak field going from UD
OD regime although it did not reveal any regular behavio41

In the Bi-2212 system, the experimental difficulty in attai
ing materials in the UD regime limits this kind of stud
Moreover, when this impediment has been overcome,
though a transition line is still observed inmSR, no fishtail
effect was observed in the UD region of Bi-2212,25,42except
near the optimum doping.16 This emphasizes another inte
esting aspect of the Y substitution which is that hystere
loops for our crystals exhibit a well-marked second pe
around 20–30 K from UD to OD. The optimum compositio
(x50.28) being the only exception@see Figs. 4~a! and 4~b!#,
the lack of a fishtail in this case has been previously rela
to high Jc values.17 Figure 4~a! illustrates the temperatur
dependence of theHSP (Hmax8 ) field, to be compared to the

low-temperature saturation of theH̃ ~dM/dH peak! @see Fig.
4~b!#, thus justifying the choice of this latter as the chara
teristic field for the fishtail effect as discussed in the expe
mental section.

It is evident from Fig. 4~b! that the value ofH̃ is strongly
composition dependent. This is emphasized in Fig. 5 wh

the low-temperature value ofH̃ is plotted against the as
sumedp values of the crystals. One has to bear in mind h
that thep values are only qualitative. Nevertheless, two m
points emerge from this figure. First of all, the Y-fre
(x50) crystal seems to stand apart from the behavior of
Y-substituted ones. Even though the fishtail values of
most overdoped crystals~x50 PO2

andx50.21PO2
! tend to

join each other for almost similar doping state, theH̃ values
of the as-grown Y-freex50 and Y-substituted crystals co
responding to smaller doping levels, do not fall on the sa
H̃(p) curve. The possibility to get two Bi-2212 crystals e

hibiting differentH̃ values though their hole carrier contentp
is the same emphasizes the difference between the Ca21/Y31

substituted crystals and the pure Ca Bi-2212 ones. Suc
effect on the second peak suggests thatp is not the only
important parameter but that their differentlab(0) values
~Fig. 3! may act on the pinning properties through t
vortex-vortex interactions which islab dependent as previ
ously reported frommSR study of Bi2Sr2Ca12xGdxCu2O81d
ceramics.45 Secondly, in each series~Y-free and

Y-substituted crystals!, H̃ is found to regularly increase with
p. On one hand, asx decreases in the Y-substituted ser

from x50.43 to x50.21, H̃ is found to increase fromH̃

5210620 G to H̃5380620 G. Furthermore, by oxyge
pressure annealing, the obtained value for the most o
doped crystal of the series (x50.21) keeps increasing an

continues theH̃(p) curve. On the other hand, the same tren

that is to say anH̃ increase withp is observed for the mos
ic
a
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is
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e

e
e

e
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overdoped Y-free crystal (x50 PO2
), a largerH̃ (H̃5500

630 G) value is obtained, to be compared toH̃5240
610 G for the as-grown crystal.

At this stage of the study it commands attention that

continuous increase ofH̃ with p, from the UD regime
~x50.43, x50.36! to the OD one~x50.21, x50.21PO2

!,
together with the existence of a boomerang behavior
1/lab

2 (0) with p, when going from UD to OD regime throug
the optimum, clearly invalidate models solely invoking

1/lab
2 (0) dependence ofH̃. In particular, the boomerang ex

istence leads to two different kinds of problems. The first o
is that two crystals with a same London penetration de
value lab(0) may be, respectively, UD and OD and th

have very differentH̃ values. The second one is shown o
Fig. 5 for x50 and x50.21 crystals. By oxygen pressur
annealing, their overdoped character can be increased,

ing to higherH̃ values, although 1/lab
2 (0) decreases. Conse

quently, it is not surprising that ourH̃@1/lab
2 (0)# data do not

obey theH̃5F0 /lab
2 (0) relation which stands in the elec

tromagnetic decoupling scenario~see Table I!. Clearly, the

H̃@1/lab
2 (0)# variation forx50 andx50.21~as-grown,PO2

!

indicated by arrows on Fig. 6 is totally opposite to that p

dicted by H̃5F0 /lab
2 (0). Nevertheless, in this figure on

can remark that less anisotropic superconducting cupr
~Hg@Cu#-1201, Hg@V#-1201, and Tl@Pb#-1212! exhibit larger

H̃ values than that of Bi@Y#-2212 crystals. This suggests th

for the most overdoped Bi cuprate exhibiting the highestH̃

value of this system,H̃ is not only driven bylab(0) as
suggested in the em model, but the anisotropy may be
important since it is probably decreased as the doping le
is increased via oxygen pressure annealing. This resu
consistent with the enhanced metallization of the insulat
layers observed from resistivity measurements, which i
consequence of the introduction of oxygen in the BiO plan
Nevertheless, whatever its doping state, the values of

FIG. 6. Semilogarithmic representation ofH̃ versus 1/lab
2 (0)

for the Bi@Y#-2212, Hg@Cu#-1201, Hg@V#-1201, and Tl@Pb#-1212
crystals. The arrows indicate the increasing doping level obtai
by oxygen pressure annealing forx50 andx50.21.
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Bi-2212 system lie far from those of the more isotropic s
tems with similar number of@CuO2#` layers but with thinner
interlayers such as Tl@Pb#-1212 ~see Fig. 6!. Thus it clearly
appears that the behavior of the Bi-2212 system, althoug
anisotropy is affected by Y substitution orPO2

annealing,
remains far from those of more isotropic cuprates. This m
explain why the anisotropy does not play the same role in
Bi-2212 system as for those systems as discussed in Re

IV. CONCLUSION

The Y31 for Ca21 substitutions as well asPO2
annealing

have allowed us to explore the doping state of the Bi-22
crystals from the underdoped regime to the overdoped
through an optimum atTc;91.5 K. A boomerang path
Tc@1/lab

2 (0)# has been shown for these crystals. In partic
.
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lar, the overdoped region of the boomerang is character
by a 1/lab

2 (0) decrease with doping level increase as alrea
observed on many superconducting cuprates throughmSR
measurements. However, for the corresponding overdo
crystals~x50 andx50.21! an increase of the fishtail char

acteristic fieldH̃ with the doping level is observed. Cons

quently, thisH̃ increase as 1/lab
2 (0) decreases is totally op

posite to the expectedH̃5F0 /lab
2 (0) linear relation of the

em model. Thus, the existence of the boomerang shap
Bi-2212 invalidates models which only involvelab

2 (0) as

the underlying parameter determining theH̃ position@and its
corresponding transition line in the~H,T! plane#. Finally,
from these experimental results it clearly appears that o
parameters must be also considered in order to interpre
fishtail of Bi-2212 such as the anisotropy and disorder
proposed in Refs. 43 and 44.
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