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Strong three-dimensional correlations in the vortex system for(Big Pbg 3)» 2Sr,CaCu,Og
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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 M,=54=2 K. At T=T,, 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,,. The transition temperaturg,, 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 plafiesTat. This enables the
observation of a remarkable pinning in Bi2212:Pb at low temperatures.
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[. INTRODUCTION the MO technique is used to study the penetration of the
magnetic flux induced by the field,. The experiments re-
The structure and dynamics of the magnetic flux in high-veal two strikingly different types of flux behavior depending
T. superconductor§HTSC’s) are intensively studied be- on the anisotropy of the materifl. The transverse flux
cause of their importance for both fundamental physics angnhoves into the YBCO single crystals preferably along the
applications. The main results of these studies are summalirection of the in-plane magnetic field,,. Quite the con-
rized in several review’.® The investigations reveal the va- trary, the transverse magnetic flux penetrates independent of
riety of flux line lattice (FLL) states or phases in HTSC's. the orientation of the in-plane magnetic field in the case of
Peculiarities of the FLL structure are determined by the cryshighly anisotropic Bi2212 superconductors. This difference
tal symmetry or by the nature of pinning. The transitionscan be readily understod@?>%
between different FLL phases are possible with temperature Two systems of orthogonal vortices evidently exist in the
and magnetic field variation. The qualitative difference in thesample under the considered field configuration. The first one
FLL properties is found to be closely related to the layereds induced by the in-plane field and the second one enters the
structure of the crystal lattice of HTSC materials. In particu-crystal under the growing perpendicular field. In the case of
lar, the pancakelike and Josephson-like vortex structures araoderate crystal anisotropy, both systems consists of mutu-
observed in an inclined magnetic field in highly anisotropically perpendicular Abrikosov vortices. It is rather evident
Bi- and Tl-based superconductors, whereas anisotropic Abrithat perpendicular flux lines moves easier along the in-plane
kosov vortices are found in superconductors with a lowewortices than across them, because the vortex intersection
anisotropy, such as YBCO. However, even in highly anisotequires an additional driving force and an additional
tropic superconductors the three-dimensio(@D) correla-  energy?* This mechanism is effective for Abrikosov-like
tions can exist between the two-dimensiof2D) pancake- vortices and insignificant for the pancakelike structures ex-
like vortices located in neighboring CuO plarfédThe FLL isting in highly anisotropic materials.
behavior of such a 3D-correlated phase is in some aspects The second reason for the in-plane field induced anisot-
closer to the anisotropic Abrikosov vortex lattice than to anropy is related to the magnetic interaction between vortices.
uncorrelated 2D phase. Basically, the 3D correlations in thdhe motion of the transverse magnetic flux along the in-
pancake structure could disappear with an increase of tenplane field induces the current in the direction perpendicular
perature due to the first-order phase transition or FLL meltto the in-plane vortices. As a result, Lorentz force acts on the
ing. The possibility of different types of FLL phase transi- in-plane vortices and the critical current densjty, of the
tions in highly anisotropic HTSC'’s was widely discussef  corresponding screening current is determined by the pinning
The high resolution magneto-optiMO) techniqué**®is  force. The vortex motion across the in-plane vortices induces
admitted to be a convenient tool for direct observation of thehe current flowing along them. In this case the Lorentz force
magnetic flux structure and dynamics in superconductors. Iis zero. Such magnetic flux and current configuration is usu-
particular, MO studies in crossed magnetic fields are emally referred to as the force-free offeThe critical current
ployed to clarify the presence or absence of 3D correlationslensity j.¢ is limited now by the specific FLL
in FLL's of superconductor$®1-21|n these experiments, a instabilities?®2° This current is usually remarkably higher
platelike specimen of a single crystal is placed in a dc magthan the current determined by pinning>j.,. Thus, the
netic field directed in the sample plaik,,, and then a field current screening the flux motion alofty;, is much smaller
H, perpendicular to the plane is applied. In such geometryhan the current screening the motion acréss,. This
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mechanism is important for Abrikosov vortices. It could also
be effective for pancake structures in the case of strong
enough correlation between the pancakes located in different
CuO planes.

The absence of strong anisotropy of the magnetic flux
penetration induced by the in-plane field does not mean that
the pancakes and Josephson vortices are completely indepen-
dent in Bi2212. A specific weak interaction is discussed
widely®*3! and verified by direct MO observation in a low '
magnetic field rang&®7-2 a(b) 1Tmm

The transition between two types of magnetization behav-
ior of superconductors in crossed fields is not reported in the FIG. 1. Polarized light optical microscope image of the sample
literature. This transition could probably be observed in masurface. Arrows show the directions of crystallographic aeets),
terials with intermediate anisotropies compared to YBCOWwin boundaries(1), and laminar structur€2). Twins are seen as
and Bi2212. Possible ways to achieve the goal are to increadght gray and dark gray stripes crossing the sample along the diag-
the anisotropy of the YBCO material by preparing oxygen-ona| betweera,b directions; the laminar structure is invisible.
deficient samples or to reduce the anisotropy of the Bi2212
superconductor by Pb doping. surface that is always necessary for MO studies, the samples

It is knowrf*?~%5that Pb doping of Bi2212 single crystals were chemically polished in ethylendiaminetetraacetic acid.
reduces the electromagnetic anisotropy paramejér The final thickness of the samples was—7000 um. The
:pc/,/papb from 8.5x 103 to 2.5x 10° with the Pb content inductive coil measurements sholy~91 K with a transi-
varying from 0 to 0.3 as measured &t=100 K; herep; tion width of about 1 K. For the sake of clarity and compari-
denotes the normal resistivity along the corresponding crysson we present the MO images for one typical sample of
tal axisi. In addition, the doping significantly increases the trapezium shape in Fig. 1. Other crystals of different shapes
critical current density that was attributed to the FLL pinning €xhibited similar results.

at so-called laminar superstructure formed by varying the Pb The 6-2¢ x-ray scanning revealed a structure typical for
content in the system of planes parallel to the crystal — Bi2212:Pb planar defects, twins and lamirf&é’ The twin

plane® boundaries are parallel to theaxis and coincide with the

In the present work a penetration of the transverse magpisectrix of the angle betweenandb axis. Twins are seen in
netic flux into the Pb-doped Bi2212 single crystals magnethe given polarized-light image as stripes with light and dark
tized by the in-plane magnetic field is studied by the MOcontrast, some of them are marked by arrows 1 in Fig. 1. The
technique in a wide temperature range— K. We char- laminar structure is invisible in polarized light. The laminae
acterize the flux penetration qualitatively by the images and@re parallel to the nearest trapezium sides in Figthgir
quantitatively by the profiles of the perpendicular magneticdirections are marked by arrows. 2
induction B,(r) measured along different directions in the

sample plane. We find that the in-plane magnetic fid|g, Il EXPERIMENTAL
remarkably influences the transverse flux penetration pattern '
if the temperaturdl is lower than some threshold vallg, The MO studies were performed in a temperature range

=54+2 K. The growth ofH,, gives rise to the increase of from 12 KtoT.. The distribution of the transverse magnetic
the current anisotropy and causes the preferential flux propanduction B, was observed by means of standard MO
gation along its direction. The current alokty, becomes technique:*'>3¥The indicator films used in the study allow
stronger withH,,, while the current across thé,, becomes us to correctly reconstruct the magnetic induction distribu-
weaker. The anisotropy induced by the in-plane field in-tion in the transverse fielt, up to 2000 Oe. The MO im-
creases with the temperature rise. ages were taken by the EDC1000 digital video camera of

The flux penetration behavior changes drasticallyTat fixed sensitivity and variable exposure. The brightness of the
=T,. In the temperature range>T,, the penetration be- images is a function of magnetic induction. Benefiting from
comes independent of the in-plane field direction and the fluthe constant film sensitivity within the temperature range
creep increases significantly. The transition temperafiyfe 12—150 K we calibrated the brightness with respect to the
is independent of the strength of the both magnetic field$nduction value. For this purpose we recorded the MO im-
H,, andH, within the studied ranges<OH,,<1800 Oe and ages at given values &1, andH,, and atT slightly above
0<H,<300 Oe. So, our samples behave similar to YBCO afl .. These images were used as graduation marks for induc-
temperatures belowW,, and Bi2212 at higher temperatures. tion mapping afl below T.. As a result, the profiles of the
transverse magnetic induction along and across the applied
in-plane magnetic field were obtained.

The transverse magnetic field, parallel to the crystat

The single crystals of (BiPhy3),.,SLCaCyOg, s were  axis was generated by a solenoidal coil. The valueHof
grown by the top solution growth technigéfe’’ As-grown  could be varied from 0 ta- 1200 Oe. The in-plane magnetic
samples have platelike shapes with the main surface coincidield H,, was produced by Helmholtz coils with a soft mag-
ing with the ab crystallographic plane. To provide the flat netic core. The uniformity of the field better than 1% was

Il. SAMPLES
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attained across the sample. We were capable of rotating the : J—— |
field H,, in any direction and changing its value from 0 to

1800 Oe. The orientation of this field with respect to the
sample plane was controlled by the MO technique with an
accuracy about I0° rad. The experiments were performed

on samples cooled from room temperature either with or
without H,;, (FC or ZFC regime, respectively

IV. MAGNETOOPTIC OBSERVATIONS OF FLUX
PENETRATION

A. Zero in-plane field

The transverse magnetic flux penetrates into the sample
under the growingH, through a few weak points, which are
located at the positions where the twin boundaries intersect
the sample edges, compare Figs. 1 and 2. The flux enters
through the same points within the whole temperature range.
The penetrated flux looks similar to bubbles attached to the
sample edges, Figs(&—-2(c). White spots in Fig. 2 corre-
spond to the entered magnetic flux; the brighter the spot, the
higher the induction.

With the increase of, the flux “bubble” expands and
remains “attached” to the specimen edge. The same penetra-
tion depth is reached at lower fields with temperature
growth. The aspect ration of the flux bubble is nearly the
same at all temperatures below 54 K.

The localization of the entered flux near the weak point is
favorable for the present study since the bubble’s shape char-
acterizes the anisotropy of the flux penetration in #ie
plane. This anisotropy is remarkably smaller than expected
from the data on the critical current anisotropy due to lami-
nar structure in the literaturé.In our experiments most of
the observed flux bubbles show rather small anisotropy at a
temperature below 54 K. Only the flux spot located close to
the sharp corner of the sample has a pronounced flux pen-
etration anisotropy, Fig. 2. However, this fact could be attrib-
uted to the influence of the Meissner current configuration
near the corner.

The configuration of the entered magnetic flux is deter-
mined by the distribution of all screening currents in the
sample. Thus, the flux penetration anisotropy only qualita-
tively characterizes the current anisotropy . The current dis-
tribution can be calculated from the magnetic induction
map>*3° According to the Maxwell equation, the derivative
of the induction taken in the direction normal to the flux
front 9B, /dr, is proportional to the tangent component of the
current. The profileB,(r) measured approximately along  FIG. 2. MO images of the transverse magnetic field penetration
and across the laminar structure are given in Fifc@®re-  atH,,=0; (a8 T=24 K, H,=149 Oe, (b) T=37 K, H,=75 Oe,
sponding directions are marked by arrows in Fig)2 (c) T=51 K, H,=46 Oe, and(d) T=54.5 K. H,=34 Oe, white

The magnetic induction in the bubble is a slowly varying arrows 1 and 2 indicate the directions across and along the laminar
function of coordinates near its center and decays almostructure.
linearly at the periphery. This linear part is used to charac-
terize the current anisotropy. higher the currend that flows in the perpendicular direction.

The slope ofB,(r) varies with direction which could be We find that the current anisotropy does not exactly follow
attributed to the flux pinning by the laminar structure. Thethe direction of the laminar structure with a minimum current
angular dependence pfB,/dr| is shown in Fig. 4curve J; along the laminae and a maximum one across them. Both
«a is determined as the angle between the directions of vectatirections of minimum and maximum current are shifted by
r and perpendicular to the laminae, marked by arrow 1 irabout 30° clockwise. The current anisotropy could be char-
Fig. 2(b). So, the higher th&B,/dr in some direction, the acterized by the coefficierikt; defined as the ratio of maxi-
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FIG. 3. Magnetic flux distributiorB,(r) along two directions,
marked by arrows 1 and 2 in Fig(l8. H,=38 Oe, H,,=0, T
=30 K. The coordinate origin=0 is chosen at the point with the
maximum induction magnitude.

mum and minimum induction derivatives taken at the flux
spot peripherk;=[(dB,/Ir) max!/ (¢B, /1) minl. The value of

k; does not exceed 2 in the temperature range from 12 to 50
K and in the field range €H,<300 Oe.

The magnetic field penetration behavior changes with the
temperature, compare Figs(@>2(d). The flux bubbles re-
main attached to the corresponding entrance points wihile
<T,=54+t2 K. The separate bubbles with the definite
B,(r) slopes could be made out &K T,, if H, is not too
high. The flux creep rate grows with temperature: the flux
distribution is quasistable dt=12 K, the flux enters only a
few percent deeper into the sample in ten minutes &fteis
turned on aff =30 K, and the flux spreads by 20% deeper in

seconds al =51 K. T=230 K). Different images correspond to different directions of
> i i - Y A -
AL T=>Tr, the flux penetration behavior changes drasti H,p indicated by black arrows. White arrows 1, 2, and 3 indicate

cally. The magnetic flux starts to penetrate the supercon: 2’ . ons alona which (r) profiles are given in Fig. 6
ductor at the same weak points and spreads fast over the 9 A1) P 9 g- o
WSOIe samgle \lllolume. Only framhe ka)y ftr)awe _brovV\(/sw}g Of(fnters the superconductor from the same weak points as in
video records allows us to trace the flux be avior. Ve 1ounGye gpsence dfl;,. However, the flux moves predominantly
that the flux moves fast towards some geometrical center g |

) ong the direction of the vectddl,,. For this reason, the
the sample. In the process of motion the separate bubbles "Wiered flux looks similar to stripes extended albhg,

into and generate a smooth flux distribution shown in Fig. : . : .
; ) Typical pictures of the transverse magnetic flux distribu-
2(d) in a time less than 0.1 s. The observed drop of the[ion in the presence of the in-plane fielda T, and fixed

magnetic induction near the sample edges is due to the flu%|Z are shown in Fig. §FC regima. Different images in the

exclusion by the Meissner current. Such magnetic flux diss . o
tribution is typical for undoped Bi2215. figure correspond to different directions of the vedtby, .

The flux penetration depth and the magnetic induction mag-

nitude rise with the increase of the transverse fléld The

) o anisotropy of magnetic flux penetration increases monotoni-
The in-plane magnetic fielt,,, changes the flux pen- cally with the growth of the in-plane magnetic fielthe

etration pattern iff<T.,. The perpendicular magnetic flux entered flux stripes become thinner and longer

The appearance of the penetration anisotropy induced by

-

P4

FIG. 5. MO images of the flux distribution in the case of the
sample cooled in the in-plane fiell,,= 1800 Oe H,=60 Oe and

B. MO studies in crossed fields

° the in-plane field in Bi2212:Pb was not reported until now.
= 1 1 Such behavior of the magnetic flux is observed within the
5 2 temperature range from 12 to 52 K. This type of field
% 05 5 <,<'> penetration is analogous to that usually observed in YBCO
B | et %;;;g‘m‘ single crystals.

S 7 °°ofwgd3éx~m* ! In Fig. 6 three profiles of the magnetic field induction
0 - . - taken along the directions indicated in Fig. 5 by the white

arrows are shown. Curve 1 is the coordinate dependence of
B, along theH,, direction (x axis) measured between two
FIG. 4. Angular dependence ¢#B,/dr| at T=30 K andH,  Weak points where the magnetic flux penetration is screened
=38 Oe. Curves 1 and 2 are obtainedHaf,=0 and 1800 Oe, by the Meissner currents. Some growth of the magnetic field
respectively.a=0 corresponds to the direction across the laminarnear the edge is due to the nonzero demagnetizing factor of
structure indicated by arrow 1 in Fig(i8. the sample. Such a “hill” is always observed near the thin
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FIG. 6. Profiles of the magnetic field induction &t=30 K, 0} rd =
H,,=650 Oe, andH,=60 Oe. Curve 1 is the induction profile 5 fﬁ 2
alongH,, far from weak points, curve 2 and 3 are obtained near a g‘ ++ S
weak point along and across the direction of in-plane field, respec- 0.17° "'{-0_3
tively. 10 100 1000

Hab [O¢]

crystal edge. Curve 2 is the magnetic induction prdsijéx)
scanned in the same direction but near the weak point withiq_
the band of the magnetic flux penetration into the supercon-
ductor. This profile exhibits a definite drop near the surface
due to the Meissner current. In the bulk of the sample, thgenetratiork as a ratio of the maximum to minimum length
entering magnetic flux has a variable slope similar to theof the entering flux stripe. It is evident from the images
case ofH,,=0 shown in Fig. 3. Namely, the fiel&,(x) shown in Fig. 8 thak increases withTl. The analysis of the
varies slowly near the magnetic induction maximum andmagnetic induction profile8,(r) reveals that the current
drops down almost linearly at the flux periphery. Profile 3 isanisotropyk; is a growing function of temperature as well
obtained in the same flux penetration zone as profile 2 but inlespite the decrease of both current componggtand Js,
the direction perpendicular with respect to the veéigr (y  with temperature, Fig. 9. It is seen tHaandk; increase with
axis). This profile also consists of parts with different slopes,temperature approaching a saturationTat40—45 K for
that is, the central part with a small flux gradient and twok(T) and 25- 30 K for k;(T).
peripheral parts with the much steeper and almost linear The picture of the magnetic field penetration changes dra-
slopes. The value of the transverse slojiss/dy is much  matically if temperature exceeds the transition valyg/see
larger than the longitudinal on#B,/dx and both of them are Fig. 8d)] just as in the case dfl,,=0. The flux motion
much smaller than the slope of the magnetic induction due tbecomes independent of the in-plane magnetic field direc-
the Meissner current. tion. The vortex lines enter the sample through weak points
The application of the in-plane field changes considerablyn the same way as at lower temperatures, but move to the
the gradient of the magnetic inductioiB,/Jr at the flux  particular “geometric center.” The position of this center is
bubble periphery. The corresponding angle dependence dletermined by the sample shape only and does not depend on
dB,/dr measured in the same manner as in the cad¢,gf the direction and the value of the in-plane field. The mag-
=0, is shown in Fig. 4curve 2. The curve is obtained at netic flux fills the sample volume in a time less than 0.04 s.
T=30 K andH,,=1800 Oe under FC conditions. Th,, Browsing of the MO frame sequence allows us to reveal the
is directed along the laminae. The value &B8,/dr has a direction of the magnetic flux motion indicated by the white
minimum precisely along this direction and increases sharpharrows in Fig. 8. Such a mode of flux penetration in crossed
along the perpendicular one. It is evident that the in-plandields is similar to that observed in Bi2212 single crystals.
field induced anisotropy is much stronger than the anisotropyhe final distribution of vortices in our samplesT®t T, is
due to the laminar structure. also similar to Bi2212 with a typical dome shape determined
The magnetic induction profiles change with the changéoy the geometric barrier. It should be emphasized that the
of the in-plane field as well as the screening currents, whicltrossover temperatur€,,=54+2 K is independent of the
are proportional to the induction slopes. The induction demagnetic field within the studied field ranges,,=0
rivative along the in-plane field decreases with, while the ~ —1800 Oe andH,=0—300 Oe.
derivative across this direction increases, Fig. 7. Hences the  Among the studied samples there were crystals with the
component of the currerd;,(H,p,) is an increasing function same Pb doping but without twins. The magnetic flux enters
while they componentls(H ;) is a decreasing one. Accord- such samples in a wide pillowlike front. The in-plane mag-
ingly, the current anisotropy coefficieRg is an increasing netic field influences the flux penetration pattern and mag-
function of H,,, Fig. 7. So, the screening currents in netic induction slopes. The strong anisotropy induced by the
Bi2212:Pb behave with the change of in-plane field in thein-plane field was observed in these samples only<afl
same manner as in YBC@Ref. 16 if T<T,,. and disappears at higher temperatures. We do not discuss the
The magnetic flux penetration depth grows monotonicallycorresponding results since the MO images and magnetic
with T in the temperature range 12<KT<T,,, Fig. 8. We induction profiles obtained for the crystals with weak points
define the coefficient of geometrical anisotropy of the fluxpresented above are much more demonstrative and impres-

FIG. 7. DependencelsiB,/dx|, |dB,/dy|, andk; vs H,, for
30 K andH,=77 Oe.
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FIG. 9. DependencesiB,/dx|, |dB,/dy|, k;, andk vs T at
crossed field$,,=1800 Oe andH,=77 Oe.

sity Js . is independent of the in-plane magnetic field and an
order of magnitude higher than two other curredts and
Jey flowing in the sample bulk along and across the direction
of the vectorH,p, Jey<Jox<Jsm. Naturally, the values of
the screening currenty,,, Jcy, andJ., decrease with tem-
perature.

We observed thatl.x|dB,/dy| grows monotonically
with H,p, Fig. 7. In fact, the current along the in-plane field
does not act by the Lorentz force on the in-plane vortices, as
discussed in the Introduction. In such a force-free configura-
tion the critical current density should increase with the in-
crease of magnetic fiekd. The current across the in-plane
field o oc|dB,/9x| decreases withi,,, as one often observes
for pinning controlled current.

The geometric anisotropy and the current anisotropy in-
crease with the temperature while<T,,, Fig. 9. Such an-
isotropy growth was found for YBCO single crystafsThis
could be related to the increase of superconducting coher-
ence lengths witlT. As a result, the superconducting corre-
lations between different CuO planes become stronger giving
rise to a stronger interaction between the in-plane and trans-

verse magnetic fluxes.

FIG. 8. MO images aH,,=1800 Oe and different tempera- .
tures:(a) T=17 K andezggzb Oe.(b) 29 K and 154 Oe(c) 43 K The _presented results shovy thatTat T, the magnetic
and 54 Oe(d) 56 K and 40 Oe. Black arrows show the in-plane properties of our sa_mples are in many features an_alogous to
magnetic field direction, white arrows indicate the preferable directh0s€ of YBCO. This allows us to assume the existence of
tion of magnetic flux motion. rather strong 3D correlations in the vortex system of

Bi2212:Pbh.
sive. The described above behavior of the magnetic flux in
the FC regime is similar to the picture of the magnetic field B. FLL phase aboveT, and transition temperature
penetration in the ZFC mode. The apparent picture of the magnetic flux penetration
changes drastically a&k=T,,. The observed disappearance
V. DISCUSSION of the intercoupling between the in-plane and transverse
A M ic flux d ics belowT magnetization could find a reasonable explanation in terms
- Magnetic flux dynamics belowTr, of a decay of correlations between pancakes located in dif-

The MO studies in crossed fields reveal that supercurrentierent CuO plane&?24°A possible explanation of the cross-
of three different types screen the magnetic flux entering int@ver in magnetization behavior @t="T,, is vortex depinning
the sample. The largest currgisee curve 1 in Fig. 6flows  and, then;T,,(B) should be treated as an irreversibility line.
near the sample surface far from the weak points. It can b&eally, the flux creep rate rises and the pinning diminishes
associated with the Meissner currelyt,. The current den- with T approachingd,,. However, the crossover temperature
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T is independent of the magnetic field, while the magnetic KgTm= ¢gdc/32\/§'ﬂ'2)\§b(Tm)’ 2)
field dependence of the irreversibility line is usually strong

for Bi-based system¥** Moreover, at the crossover point \yhere ¢, is the magnetic flux quantum andy(T) is the
the correlation between the direction of the entering transt ongon penetration depth in thab plane. We findT,

verse magnetic flux and the in-plane field decays in a step=gqg K if d,=1—2 nm and\,(0)=200-300 nm, which

like manner, which cannot be understood in terms of thermalgems reasonable for Bi2212:15° This estimation is not a

depinning. At the same time, the decay of 3D correlations insyong proof but some evidence in favor of the 3D-2D tran-
the flux line system should be supplemented by the reductiogjtjon.

of bulk pinning and by the disappearance of correlations be- |, the disordered 2D phase the correlation between the

tween the transverse and in-plane flux. Therefore, we conmqtion of the transverse flux and the in-plane magnetic field
sider the 3D-2D crossover as a more realistic explanation of significantly lower compared to the 3D correlated system.
the observed transition &t="Tp,. The reduction of the activation volume makes easier the ther-

~ Such a type of 3D-2D transition could occur due to melt-yoactivated motion of the noncorrelated 2D vortices in any
ing of the vortex structure during which strongly correlated yjrection.

stacks of pancakes melt into a disordered gas or liquid of 2D
vortices! An indication that the observed change in FLL

properties afl ,, is due to some first-order phase transition is VI. CONCLUSION
the behavior of the magnetic flux penetration anisotropy ver-

SES tetrlnpet[;_alt_u_:_e. T_Ir_lﬁ at”'smffpy mfctrr:eases kahd rtedllice_st magnetic fields revealed that a transition occurs in the mag-
abruptly ati = I'm . 1he transition ot In€ pancake stacks Into qage fiyx pehavior atT=T,=54*=2 K. The transverse

the phase of noncorrelated 2D vortices should lead to a Coqﬁagnetic flux aff<T,, behaves similar to YBCO spreading
siderable increase of the thermal creep, e.g., due to diminish- m

ing of the activation volume and due to corresponding de; referably along the in-plane magnetic field. RtTr, the
crgase of the effective pinniRcthat is observet)d in t%e transverse flux penetrates independent of the in-plane mag-
experiment P o netic field as in the Bi2212 system. The anisotropy of the

Following common conceptiorithe melting temperature flux penetration increases with the_ _in—plane magnet_ic _field
X : " . and temperature 8t<T,,. The transition temperature is in-
Tm Can be estlr_nated _by equating the chara_lcter|st|c energled'sependent of the magnetic field. The obtained experimental
(k)f t?e gl‘ll;ziasr;";f stra|: ztanr(]jttr]rer:mal f:lrJCtuat:?j{ET' slvlhetiren i r_esults cpuld pg undgrstood within t_he concept of the flux
B IS BO anns constant. The correspo g refation 15;,¢ melting giving rise to the transition of 3D correlated
given by stacks of pancakes into disordered phase of 2D ones. We
kBTm:aLCGGagdcv (1) belieye that the existence of str(_)ng_3D correl_ations in the
flux line structure due to Pb doping is the main reason for
wherea; <1 is Lindeman’s constanCeg is the FLL shear enhanced critical current in Bi2212:Pb system.
modulus,a, is the FLL constant, and. is an effective cor-
relation length between the pancakes along dhaxis**?
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