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Strong three-dimensional correlations in the vortex system for„Bi0.7Pb0.3…2.2Sr2CaCu2O8
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An experimental study of magnetic flux penetration under crossed magnetic fields in Bi2212:Pb single
crystals is performed by the magneto-optic technique. A remarkable field penetration pattern alteration and
superconducting current anisotropy enhancement by the in-plane field is revealed. The anisotropy increases
with the temperature rise up toTm55462 K. At T5Tm an abrupt change in the flux penetration behavior is
found. The correlation between the in-plane magnetic field and the out-of-plane magnetic flux penetration
disappears and no correlation is observed atT.Tm . The transition temperatureTm does not depend on the
magnetic field strength. The observed flux penetration anisotropy is considered as a evidence for a strong
three-dimensional correlation between pancake vortices in different CuO planes atT,Tm . This enables the
observation of a remarkable pinning in Bi2212:Pb at low temperatures.
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I. INTRODUCTION

The structure and dynamics of the magnetic flux in hig
Tc superconductors~HTSC’s! are intensively studied be
cause of their importance for both fundamental physics
applications. The main results of these studies are sum
rized in several reviews.1–3 The investigations reveal the va
riety of flux line lattice ~FLL! states or phases in HTSC’s
Peculiarities of the FLL structure are determined by the cr
tal symmetry or by the nature of pinning. The transitio
between different FLL phases are possible with tempera
and magnetic field variation. The qualitative difference in t
FLL properties is found to be closely related to the laye
structure of the crystal lattice of HTSC materials. In partic
lar, the pancakelike and Josephson-like vortex structures
observed in an inclined magnetic field in highly anisotrop
Bi- and Tl-based superconductors, whereas anisotropic A
kosov vortices are found in superconductors with a low
anisotropy, such as YBCO. However, even in highly ani
tropic superconductors the three-dimensional~3D! correla-
tions can exist between the two-dimensional~2D! pancake-
like vortices located in neighboring CuO planes.1–3 The FLL
behavior of such a 3D-correlated phase is in some asp
closer to the anisotropic Abrikosov vortex lattice than to
uncorrelated 2D phase. Basically, the 3D correlations in
pancake structure could disappear with an increase of t
perature due to the first-order phase transition or FLL m
ing. The possibility of different types of FLL phase trans
tions in highly anisotropic HTSC’s was widely discussed.1–13

The high resolution magneto-optic~MO! technique14,15 is
admitted to be a convenient tool for direct observation of
magnetic flux structure and dynamics in superconductors
particular, MO studies in crossed magnetic fields are e
ployed to clarify the presence or absence of 3D correlati
in FLL’s of superconductors.8,9,16–21In these experiments,
platelike specimen of a single crystal is placed in a dc m
netic field directed in the sample planeHab and then a field
Hz perpendicular to the plane is applied. In such geome
0163-1829/2003/68~10!/104506~8!/$20.00 68 1045
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the MO technique is used to study the penetration of
magnetic flux induced by the fieldHz . The experiments re-
veal two strikingly different types of flux behavior dependin
on the anisotropy of the material.16 The transverse flux
moves into the YBCO single crystals preferably along t
direction of the in-plane magnetic fieldHab . Quite the con-
trary, the transverse magnetic flux penetrates independe
the orientation of the in-plane magnetic field in the case
highly anisotropic Bi2212 superconductors. This differen
can be readily understood.16,22,23

Two systems of orthogonal vortices evidently exist in t
sample under the considered field configuration. The first
is induced by the in-plane field and the second one enters
crystal under the growing perpendicular field. In the case
moderate crystal anisotropy, both systems consists of m
ally perpendicular Abrikosov vortices. It is rather evide
that perpendicular flux lines moves easier along the in-pl
vortices than across them, because the vortex intersec
requires an additional driving force and an addition
energy.24 This mechanism is effective for Abrikosov-lik
vortices and insignificant for the pancakelike structures
isting in highly anisotropic materials.

The second reason for the in-plane field induced anis
ropy is related to the magnetic interaction between vortic
The motion of the transverse magnetic flux along the
plane field induces the current in the direction perpendicu
to the in-plane vortices. As a result, Lorentz force acts on
in-plane vortices and the critical current densityj cp of the
corresponding screening current is determined by the pinn
force. The vortex motion across the in-plane vortices indu
the current flowing along them. In this case the Lorentz fo
is zero. Such magnetic flux and current configuration is u
ally referred to as the force-free one.25 The critical current
density j c f is limited now by the specific FLL
instabilities.25–29 This current is usually remarkably highe
than the current determined by pinningj c f@ j cp . Thus, the
current screening the flux motion alongHab is much smaller
than the current screening the motion acrossHab . This
©2003 The American Physical Society06-1
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mechanism is important for Abrikosov vortices. It could al
be effective for pancake structures in the case of str
enough correlation between the pancakes located in diffe
CuO planes.

The absence of strong anisotropy of the magnetic fl
penetration induced by the in-plane field does not mean
the pancakes and Josephson vortices are completely inde
dent in Bi2212. A specific weak interaction is discuss
widely30,31 and verified by direct MO observation in a lo
magnetic field range.8,9,17–21

The transition between two types of magnetization beh
ior of superconductors in crossed fields is not reported in
literature. This transition could probably be observed in m
terials with intermediate anisotropies compared to YBC
and Bi2212. Possible ways to achieve the goal are to incre
the anisotropy of the YBCO material by preparing oxyge
deficient samples or to reduce the anisotropy of the Bi2
superconductor by Pb doping.

It is known6,32–35that Pb doping of Bi2212 single crysta
reduces the electromagnetic anisotropy parameterg2

5rc /Ararb from 8.53103 to 2.53103 with the Pb content
varying from 0 to 0.3 as measured atT5100 K; herer i
denotes the normal resistivity along the corresponding c
tal axis i. In addition, the doping significantly increases t
critical current density that was attributed to the FLL pinni
at so-called laminar superstructure formed by varying the
content in the system of planes parallel to theac crystal
plane.35

In the present work a penetration of the transverse m
netic flux into the Pb-doped Bi2212 single crystals mag
tized by the in-plane magnetic field is studied by the M
technique in a wide temperature range, 12291 K. We char-
acterize the flux penetration qualitatively by the images a
quantitatively by the profiles of the perpendicular magne
induction Bz(r ) measured along different directions in th
sample plane. We find that the in-plane magnetic fieldHab
remarkably influences the transverse flux penetration pat
if the temperatureT is lower than some threshold valueTm
55462 K. The growth ofHab gives rise to the increase o
the current anisotropy and causes the preferential flux pro
gation along its direction. The current alongHab becomes
stronger withHab while the current across theHab becomes
weaker. The anisotropy induced by the in-plane field
creases with the temperature rise.

The flux penetration behavior changes drastically aT
5Tm . In the temperature rangeT.Tm the penetration be
comes independent of the in-plane field direction and the
creep increases significantly. The transition temperatureTm
is independent of the strength of the both magnetic fie
Hab andHz within the studied ranges 0,Hab,1800 Oe and
0,Hz,300 Oe. So, our samples behave similar to YBCO
temperatures belowTm and Bi2212 at higher temperatures

II. SAMPLES

The single crystals of (Bi0.7Pb0.3)2.2Sr2CaCu2O81d were
grown by the top solution growth technique.36,37 As-grown
samples have platelike shapes with the main surface coin
ing with the ab crystallographic plane. To provide the fla
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surface that is always necessary for MO studies, the sam
were chemically polished in ethylendiaminetetraacetic ac
The final thickness of the samples was 702100 mm. The
inductive coil measurements showTc'91 K with a transi-
tion width of about 1 K. For the sake of clarity and compa
son we present the MO images for one typical sample
trapezium shape in Fig. 1. Other crystals of different sha
exhibited similar results.

The u-2u x-ray scanning revealed a structure typical f
Bi2212:Pb planar defects, twins and laminae.36,37 The twin
boundaries are parallel to thec axis and coincide with the
bisectrix of the angle betweena andb axis. Twins are seen in
the given polarized-light image as stripes with light and da
contrast, some of them are marked by arrows 1 in Fig. 1. T
laminar structure is invisible in polarized light. The lamina
are parallel to the nearest trapezium sides in Fig. 1~their
directions are marked by arrows 2!.

III. EXPERIMENTAL

The MO studies were performed in a temperature ra
from 12 K toTc . The distribution of the transverse magne
induction Bz was observed by means of standard M
technique.14,15,38The indicator films used in the study allow
us to correctly reconstruct the magnetic induction distrib
tion in the transverse fieldHz up to 2000 Oe. The MO im-
ages were taken by the EDC1000 digital video camera
fixed sensitivity and variable exposure. The brightness of
images is a function of magnetic induction. Benefiting fro
the constant film sensitivity within the temperature ran
122150 K we calibrated the brightness with respect to
induction value. For this purpose we recorded the MO i
ages at given values ofHz andHab and atT slightly above
Tc . These images were used as graduation marks for ind
tion mapping atT below Tc . As a result, the profiles of the
transverse magnetic induction along and across the app
in-plane magnetic field were obtained.

The transverse magnetic fieldHz parallel to the crystalc
axis was generated by a solenoidal coil. The value ofHz
could be varied from 0 to61200 Oe. The in-plane magneti
field Hab was produced by Helmholtz coils with a soft ma
netic core. The uniformity of the field better than 1% w

FIG. 1. Polarized light optical microscope image of the sam
surface. Arrows show the directions of crystallographic axes~a,b!,
twin boundaries~1!, and laminar structure~2!. Twins are seen as
light gray and dark gray stripes crossing the sample along the d
onal betweena,b directions; the laminar structure is invisible.
6-2
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STRONG THREE-DIMENSIONAL CORRELATIONS IN . . . PHYSICAL REVIEW B68, 104506 ~2003!
attained across the sample. We were capable of rotating
field Hab in any direction and changing its value from 0
1800 Oe. The orientation of this field with respect to t
sample plane was controlled by the MO technique with
accuracy about 1023 rad. The experiments were performe
on samples cooled from room temperature either with
without Hab ~FC or ZFC regime, respectively!.

IV. MAGNETOOPTIC OBSERVATIONS OF FLUX
PENETRATION

A. Zero in-plane field

The transverse magnetic flux penetrates into the sam
under the growingHz through a few weak points, which ar
located at the positions where the twin boundaries inter
the sample edges, compare Figs. 1 and 2. The flux en
through the same points within the whole temperature ran
The penetrated flux looks similar to bubbles attached to
sample edges, Figs. 2~a!–2~c!. White spots in Fig. 2 corre
spond to the entered magnetic flux; the brighter the spot,
higher the induction.

With the increase ofHz the flux ‘‘bubble’’ expands and
remains ‘‘attached’’ to the specimen edge. The same pene
tion depth is reached at lower fields with temperatu
growth. The aspect ration of the flux bubble is nearly t
same at all temperatures below 54 K.

The localization of the entered flux near the weak poin
favorable for the present study since the bubble’s shape c
acterizes the anisotropy of the flux penetration in theab
plane. This anisotropy is remarkably smaller than expec
from the data on the critical current anisotropy due to lam
nar structure in the literature.34 In our experiments most o
the observed flux bubbles show rather small anisotropy
temperature below 54 K. Only the flux spot located close
the sharp corner of the sample has a pronounced flux
etration anisotropy, Fig. 2. However, this fact could be attr
uted to the influence of the Meissner current configurat
near the corner.

The configuration of the entered magnetic flux is det
mined by the distribution of all screening currents in t
sample. Thus, the flux penetration anisotropy only qual
tively characterizes the current anisotropy . The current
tribution can be calculated from the magnetic inducti
map.34,39According to the Maxwell equation, the derivativ
of the induction taken in the direction normal to the flu
front ]Bz /]r , is proportional to the tangent component of t
current. The profilesBz(r ) measured approximately alon
and across the laminar structure are given in Fig. 3@corre-
sponding directions are marked by arrows in Fig. 2~b!#.

The magnetic induction in the bubble is a slowly varyi
function of coordinates near its center and decays alm
linearly at the periphery. This linear part is used to char
terize the current anisotropy.

The slope ofBz(r ) varies with direction which could be
attributed to the flux pinning by the laminar structure. T
angular dependence ofu]Bz /]r u is shown in Fig. 4~curve 1!;
a is determined as the angle between the directions of ve
r and perpendicular to the laminae, marked by arrow 1
Fig. 2~b!. So, the higher the]Bz /]r in some direction, the
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higher the currentJ that flows in the perpendicular direction
We find that the current anisotropy does not exactly follo
the direction of the laminar structure with a minimum curre
along the laminae and a maximum one across them. B
directions of minimum and maximum current are shifted
about 30° clockwise. The current anisotropy could be ch
acterized by the coefficientkJ defined as the ratio of maxi

FIG. 2. MO images of the transverse magnetic field penetra
at Hab50; ~a! T524 K, Hz5149 Oe, ~b! T537 K, Hz575 Oe,
~c! T551 K, Hz546 Oe, and~d! T554.5 K. Hz534 Oe, white
arrows 1 and 2 indicate the directions across and along the lam
structure.
6-3
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mum and minimum induction derivatives taken at the fl
spot peripherykJ5u(]Bz /]r )max/(]Bz /]r )minu. The value of
kJ does not exceed 2 in the temperature range from 12 to
K and in the field range 0,Hz,300 Oe.

The magnetic field penetration behavior changes with
temperature, compare Figs. 2~a!–2~d!. The flux bubbles re-
main attached to the corresponding entrance points whiT
,Tm55462 K. The separate bubbles with the defin
Bz(r ) slopes could be made out atT,Tm if Hz is not too
high. The flux creep rate grows with temperature: the fl
distribution is quasistable atT512 K, the flux enters only a
few percent deeper into the sample in ten minutes afterHz is
turned on atT530 K, and the flux spreads by 20% deeper
seconds atT551 K.

At T.Tm , the flux penetration behavior changes dras
cally. The magnetic flux starts to penetrate the superc
ductor at the same weak points and spreads fast over
whole sample volume. Only frame by frame browsing
video records allows us to trace the flux behavior. We fou
that the flux moves fast towards some geometrical cente
the sample. In the process of motion the separate bubble
into and generate a smooth flux distribution shown in F
2~d! in a time less than 0.1 s. The observed drop of
magnetic induction near the sample edges is due to the
exclusion by the Meissner current. Such magnetic flux d
tribution is typical for undoped Bi2212.16

B. MO studies in crossed fields

The in-plane magnetic fieldHab , changes the flux pen
etration pattern ifT,Tm . The perpendicular magnetic flu

FIG. 3. Magnetic flux distributionBz(r ) along two directions,
marked by arrows 1 and 2 in Fig. 2~b!. Hz538 Oe, Hab50, T
530 K. The coordinate originr 50 is chosen at the point with th
maximum induction magnitude.

FIG. 4. Angular dependence ofu]Bz /]r u at T530 K and Hz

538 Oe. Curves 1 and 2 are obtained atHab50 and 1800 Oe,
respectively.a50 corresponds to the direction across the lami
structure indicated by arrow 1 in Fig. 2~b!.
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enters the superconductor from the same weak points a
the absence ofHab . However, the flux moves predominant
along the direction of the vectorHab . For this reason, the
entered flux looks similar to stripes extended alongHab .

Typical pictures of the transverse magnetic flux distrib
tion in the presence of the in-plane field atT,Tm and fixed
Hz are shown in Fig. 5~FC regime!. Different images in the
figure correspond to different directions of the vectorHab .
The flux penetration depth and the magnetic induction m
nitude rise with the increase of the transverse fieldHz . The
anisotropy of magnetic flux penetration increases monoto
cally with the growth of the in-plane magnetic field~the
entered flux stripes become thinner and longer!.

The appearance of the penetration anisotropy induced
the in-plane field in Bi2212:Pb was not reported until no
Such behavior of the magnetic flux is observed within t
temperature range from 12 to 5462 K. This type of field
penetration is analogous to that usually observed in YB
single crystals.

In Fig. 6 three profiles of the magnetic field inductio
taken along the directions indicated in Fig. 5 by the wh
arrows are shown. Curve 1 is the coordinate dependenc
Bz along theHab direction (x axis! measured between tw
weak points where the magnetic flux penetration is scree
by the Meissner currents. Some growth of the magnetic fi
near the edge is due to the nonzero demagnetizing facto
the sample. Such a ‘‘hill’’ is always observed near the th

r

FIG. 5. MO images of the flux distribution in the case of th
sample cooled in the in-plane fieldHab51800 Oe (Hz560 Oe and
T530 K). Different images correspond to different directions
Hab indicated by black arrows. White arrows 1, 2, and 3 indica
the directions along whichBz(r ) profiles are given in Fig. 6.
6-4
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STRONG THREE-DIMENSIONAL CORRELATIONS IN . . . PHYSICAL REVIEW B68, 104506 ~2003!
crystal edge. Curve 2 is the magnetic induction profileBz(x)
scanned in the same direction but near the weak point wi
the band of the magnetic flux penetration into the superc
ductor. This profile exhibits a definite drop near the surfa
due to the Meissner current. In the bulk of the sample,
entering magnetic flux has a variable slope similar to
case ofHab50 shown in Fig. 3. Namely, the fieldBz(x)
varies slowly near the magnetic induction maximum a
drops down almost linearly at the flux periphery. Profile 3
obtained in the same flux penetration zone as profile 2 bu
the direction perpendicular with respect to the vectorHab (y
axis!. This profile also consists of parts with different slope
that is, the central part with a small flux gradient and tw
peripheral parts with the much steeper and almost lin
slopes. The value of the transverse slope]Bz /]y is much
larger than the longitudinal one]Bz /]x and both of them are
much smaller than the slope of the magnetic induction du
the Meissner current.

The application of the in-plane field changes considera
the gradient of the magnetic induction]Bz /]r at the flux
bubble periphery. The corresponding angle dependenc
]Bz /]r measured in the same manner as in the case ofHab
50, is shown in Fig. 4~curve 2!. The curve is obtained a
T530 K andHab51800 Oe under FC conditions. TheHab
is directed along the laminae. The value of]Bz /]r has a
minimum precisely along this direction and increases sha
along the perpendicular one. It is evident that the in-pla
field induced anisotropy is much stronger than the anisotr
due to the laminar structure.

The magnetic induction profiles change with the chan
of the in-plane field as well as the screening currents, wh
are proportional to the induction slopes. The induction
rivative along the in-plane field decreases withHab while the
derivative across this direction increases, Fig. 7. Hence, tx
component of the currentJsx(Hab) is an increasing function
while they componentJsy(Hab) is a decreasing one. Accord
ingly, the current anisotropy coefficientkJ is an increasing
function of Hab , Fig. 7. So, the screening currents
Bi2212:Pb behave with the change of in-plane field in
same manner as in YBCO~Ref. 16! if T,Tm .

The magnetic flux penetration depth grows monotonica
with T in the temperature range 12 K,T,Tm , Fig. 8. We
define the coefficient of geometrical anisotropy of the fl

FIG. 6. Profiles of the magnetic field induction atT530 K,
Hab5650 Oe, andHz560 Oe. Curve 1 is the induction profil
alongHab far from weak points, curve 2 and 3 are obtained nea
weak point along and across the direction of in-plane field, resp
tively.
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penetrationk as a ratio of the maximum to minimum lengt
of the entering flux stripe. It is evident from the imag
shown in Fig. 8 thatk increases withT. The analysis of the
magnetic induction profilesBz(r ) reveals that the curren
anisotropykJ is a growing function of temperature as we
despite the decrease of both current componentsJsx andJsy
with temperature, Fig. 9. It is seen thatk andkJ increase with
temperature approaching a saturation atT'40245 K for
k(T) and 25230 K for kJ(T).

The picture of the magnetic field penetration changes d
matically if temperature exceeds the transition valueTm @see
Fig. 8~d!# just as in the case ofHab50. The flux motion
becomes independent of the in-plane magnetic field dir
tion. The vortex lines enter the sample through weak po
in the same way as at lower temperatures, but move to
particular ‘‘geometric center.’’ The position of this center
determined by the sample shape only and does not depen
the direction and the value of the in-plane field. The ma
netic flux fills the sample volume in a time less than 0.04
Browsing of the MO frame sequence allows us to reveal
direction of the magnetic flux motion indicated by the wh
arrows in Fig. 8. Such a mode of flux penetration in cross
fields is similar to that observed in Bi2212 single crysta
The final distribution of vortices in our samples atT.Tm is
also similar to Bi2212 with a typical dome shape determin
by the geometric barrier. It should be emphasized that
crossover temperatureTm55462 K is independent of the
magnetic field within the studied field rangesHab50
21800 Oe andHz502300 Oe.

Among the studied samples there were crystals with
same Pb doping but without twins. The magnetic flux ent
such samples in a wide pillowlike front. The in-plane ma
netic field influences the flux penetration pattern and m
netic induction slopes. The strong anisotropy induced by
in-plane field was observed in these samples only atT,Tm
and disappears at higher temperatures. We do not discus
corresponding results since the MO images and magn
induction profiles obtained for the crystals with weak poin
presented above are much more demonstrative and imp

a
c-

FIG. 7. Dependencesu]Bz /]xu, u]Bz /]yu, and kJ vs Hab for
T530 K andHz577 Oe.
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sive. The described above behavior of the magnetic flux
the FC regime is similar to the picture of the magnetic fie
penetration in the ZFC mode.

V. DISCUSSION

A. Magnetic flux dynamics belowTm

The MO studies in crossed fields reveal that supercurr
of three different types screen the magnetic flux entering
the sample. The largest current~see curve 1 in Fig. 6! flows
near the sample surface far from the weak points. It can
associated with the Meissner currentJsm. The current den-

FIG. 8. MO images atHab51800 Oe and different tempera
tures:~a! T517 K andHz5302 Oe,~b! 29 K and 154 Oe,~c! 43 K
and 54 Oe,~d! 56 K and 40 Oe. Black arrows show the in-plan
magnetic field direction, white arrows indicate the preferable dir
tion of magnetic flux motion.
10450
in

ts
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sity Jsm is independent of the in-plane magnetic field and
order of magnitude higher than two other currentsJcx and
Jcy flowing in the sample bulk along and across the direct
of the vectorHab , Jcy!Jcx!Jsm. Naturally, the values of
the screening currentsJsm, Jcx , andJcy decrease with tem-
perature.

We observed thatJcx}u]Bz /]yu grows monotonically
with Hab , Fig. 7. In fact, the current along the in-plane fie
does not act by the Lorentz force on the in-plane vortices
discussed in the Introduction. In such a force-free configu
tion the critical current density should increase with the
crease of magnetic field.25 The current across the in-plan
field Jcy}u]Bz /]xu decreases withHab as one often observe
for pinning controlled current.

The geometric anisotropy and the current anisotropy
crease with the temperature whileT,Tm , Fig. 9. Such an-
isotropy growth was found for YBCO single crystals.16 This
could be related to the increase of superconducting co
ence lengths withT. As a result, the superconducting corr
lations between different CuO planes become stronger giv
rise to a stronger interaction between the in-plane and tra
verse magnetic fluxes.

The presented results show that atT,Tm the magnetic
properties of our samples are in many features analogou
those of YBCO. This allows us to assume the existence
rather strong 3D correlations in the vortex system
Bi2212:Pb.

B. FLL phase aboveTm and transition temperature

The apparent picture of the magnetic flux penetrat
changes drastically atT5Tm . The observed disappearanc
of the intercoupling between the in-plane and transve
magnetization could find a reasonable explanation in te
of a decay of correlations between pancakes located in
ferent CuO planes.16,22,40A possible explanation of the cross
over in magnetization behavior atT5Tm is vortex depinning
and, then,Tm(B) should be treated as an irreversibility lin
Really, the flux creep rate rises and the pinning diminish
with T approachingTm . However, the crossover temperatu

-

FIG. 9. Dependencesu]Bz /]xu, u]Bz /]yu, kJ , and k vs T at
crossed fieldsHab51800 Oe andHz577 Oe.
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Tm is independent of the magnetic field, while the magne
field dependence of the irreversibility line is usually stro
for Bi-based systems.10–13 Moreover, at the crossover poin
the correlation between the direction of the entering tra
verse magnetic flux and the in-plane field decays in a s
like manner, which cannot be understood in terms of ther
depinning. At the same time, the decay of 3D correlations
the flux line system should be supplemented by the reduc
of bulk pinning and by the disappearance of correlations
tween the transverse and in-plane flux. Therefore, we c
sider the 3D-2D crossover as a more realistic explanatio
the observed transition atT5Tm .

Such a type of 3D-2D transition could occur due to me
ing of the vortex structure during which strongly correlat
stacks of pancakes melt into a disordered gas or liquid of
vortices.1–3 An indication that the observed change in FL
properties atTm is due to some first-order phase transition
the behavior of the magnetic flux penetration anisotropy v
sus temperature. The anisotropy increases withT and reduces
abruptly atT5Tm . The transition of the pancake stacks in
the phase of noncorrelated 2D vortices should lead to a c
siderable increase of the thermal creep, e.g., due to dimin
ing of the activation volume and due to corresponding
crease of the effective pinning3 that is observed in the
experiment.

Following common conceptions,2 the melting temperature
Tm can be estimated by equating the characteristic ener
of the FLL elastic strain and thermal fluctuationskBT, where
kB is Boltzmann’s constant. The corresponding relation
given by

kBTm5aLC66a0
2dc , ~1!

whereaL!1 is Lindeman’s constant,C66 is the FLL shear
modulus,a0 is the FLL constant, anddc is an effective cor-
relation length between the pancakes along thec axis.41,42

The value ofdc is of the order of the distance between neig
boring CuO planes in strongly anisotropic system.2 The melt-
ing temperatureTm defined by Eq.~1! is independent of the
perpendicular magnetic fieldBz since a0}1/ABz and C66
}Bz .1–3 The last fact is in agreement with the results of t
present experiments. In the dislocation melt approach, L
deman’s constant can be estimated asaL51/4p.41 Substitut-
ing C665Bzf0 /(4plab)

2 and a0
252f0 /A3B into Eq. ~1!

one finds the equation for the melting temperature2,42
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wheref0 is the magnetic flux quantum andlab(T) is the
London penetration depth in theab plane. We findTm
'50 K if dc5122 nm andlab(0)52002300 nm, which
seems reasonable for Bi2212:Pb.35,36This estimation is not a
strong proof but some evidence in favor of the 3D-2D tra
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In the disordered 2D phase the correlation between
motion of the transverse flux and the in-plane magnetic fi
is significantly lower compared to the 3D correlated syste
The reduction of the activation volume makes easier the th
moactivated motion of the noncorrelated 2D vortices in a
direction.

VI. CONCLUSION

The MO studies of Bi2212:Pb single crystals in cross
magnetic fields revealed that a transition occurs in the m
netic flux behavior atT5Tm55462 K. The transverse
magnetic flux atT,Tm behaves similar to YBCO spreadin
preferably along the in-plane magnetic field. AtT.Tm the
transverse flux penetrates independent of the in-plane m
netic field as in the Bi2212 system. The anisotropy of t
flux penetration increases with the in-plane magnetic fi
and temperature atT,Tm . The transition temperature is in
dependent of the magnetic field. The obtained experime
results could be understood within the concept of the fl
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believe that the existence of strong 3D correlations in
flux line structure due to Pb doping is the main reason
enhanced critical current in Bi2212:Pb system.
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