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The magnetic vortex phase diagram of Bth, ,SrL,CaCyOg. s was measured using a Hall sensor array. Pb
doping was shown to drastically change the magnetic phase diagram including a significant increase in the
irreversibility field and a temperature dependence of the onset field of the second magnetization peak. Anisot-
ropy was determined using a recently proposed scaling expression, which relates the anisotropy to the irre-
versibility line. Based on the obtained anisotropy an excellent fit of the experinigpidl) data to the model
of disorder-induced transition was found for three basic regimgs:s<L, for T<48 K, s<L.<L, for 48
<T<66 K, ands<Ly<L. for T>66 K, wheres, L,, andL are, respectively, the interlayer spacing, the
characteristic size of the longitudinal fluctuations in a cage, and the size of a coherently pinned vortex segment.

I. INTRODUCTION Bon(T) is the crossing line of the two surfacEg,siid B, T)
andEpinning(B,T). By employing this approach it is possible
The magnetic phase diagram associated with the magnetio explain the details of the transition lifg,,(T) in several
vortex matter states in high-temperature superconductorsystems? including BSCCO, NCCO, and YBCO, despite
(HTS's) is a topic of extensive theoretical and experimentalthe |arge differences in theif, values, the range of fields
research. Recently, a great deal of effort has been focused @ temperatures for which this anomaly is observed, and the

highly anisotropic BjS,CaCyOg, 5 (BSCCO, revealing a  pronounced difference in the temperature dependensg,of
rich phase diagram. Neutron-scattefingnd muon spin iy these systems.

rotatiorf experiments have revealed the existence of two dis- Another parameter, which plays an important role in de-

tinct vortex solid phases: a quasiordered lattice at low ﬁeld%ermining the elastic and the pinning energies, is the anisot-

and a highly disordered solid at high fields. The transmonropy y. It is expected that by controlling the anisotrofg,

between these two phases is manifested in magnetic me\zilv-i” be affected. Indeed, as shown by Khaykoviehal and

surements as a sharp increase in the magnitude of the ma; o, Tamegai, and ShibaucHithe transition lineB,(T) for

netization resulting from an increase in the persistent curre . A
density>~® This second peaking of the magnetization as & SCCO, underdoped or overdoped with oxygen, is markedly

function of applied field, or “fishtail,” was also observed in different from the line measured for optimally doped

a variety of HTS's and low-temperature superconducto?SCCO. While the latter persists only up to 40 K, showing
(LTS) materials, such as YBEwO, ; (YBCO)2™!l  no temperature dependence in this range, in the overdoped
Nd; g-Cey 1:CUO,_ 5 (NCCO),*? (La,_,Sr),Cu0, and underdoped sampl&,,, persists up to the vicinity of
(LSCO),® Tl-based compound$TBCCO),}*~® Hg-based T, exhibiting a decrease to zero close to this temperature.
compounds(HBCO),*>*" CeRuy,*® NbSe,**?° and Nb?*  Though the details dB,,(T) in these samples have not been
While the peak field of the fishtail is time dependent, and hagnalyzed, it is clear that these results are qualitatively con-
been shown to be consistent with a crossover from an elast&gistent with the predictions of the model described above.

to a plastic flux creep mechanisth!®17:20222%he onset of In this work Pb doping is used to reduce the anisotropy of
the fishtail appears to be associated with a transition betweeBSCCO?**° Measurements of local magnetization are used
the two solid phases at the fieR},,. to construct the magnetic phase diagram for this system.

A recent modét—2° associates this transition with a dis- The anisotropyy is estimated using the empirical equation
order induced transition. In this model, the transition field isintroduced by Kitazawat al.3! which relates the anisotropy
determined by a competition between the vortex elastic ento the measured irreversibility line at low temperatures. In
ergy Eejastic and the pinning energi inning- Both of these  Pb-doped BSCCO the onset fieR},,, separating the two
energies depend on the magnetic penetration dethd the  vortex solid phases, exhibits an unusual nonmonotonous
coherence lengtl§, and hence on field and temperature. Attemperature dependence with three distinct regimes. The es-
low fields the elastic interactions govern the structure of theimated value ofy is used in a self-consistent calculation of
vortex solid leading to the formation of a quasiordered lat-B,,(T) within the framework of the disorder-induced transi-
tice. At fields aboveB,,,, however, disorder dominates and tion scenario. The effect of on bothE ;;,ing aNdEgastic IS
vortex interactions with pinning centers result in an en-shown to be the main factor responsible for the different
tangled solid where cells of the vortex lattice are twisted andemperature dependences Bf, in pure and Pb-doped
dislocations proliferate. According to this approach, the lineBSCCO.
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Il. EXPERIMENT

Single crystals were prepared by mixing powders of
Bi, O3, PbO, CuO, CaC§) and SrCQ.%? The starting com-
position of the powders corresponds to an excess of Ca, CL
and Pb with respect to the final compound
(Bi,Pb),Sr,CaCyOg, 5. The mixture is heated to 950°C
and kept there for 12 h. Depending on the Pb content of the
mixture, this temperature exceeds the melting point by___
80-110 K. The crystals grow during a slow cooling of the O
flux at a rate 61 K per hour, where the temperature sweep is
controlled to better than 0.1 K. After the growth is completed
the crystals are cooled to room temperature at a rate detel
mined by the thermal inertia of the furnace. During this slow
cooling we expect that the oxygen concentration becomes
uniform and reaches equilibrium via diffusion. 6

At room temperature the solidified flux consists of several | |
crystalline species, where the,BiPh Sr,CaCyOg, 5 Single gloe o o oL
crystals are easily identified by their platelet shape and shiny 600 -400 -200 O 200 400 600
appearance. The cation concentrations in these crystals wel
measured using an electron microprobe ofuh diameter, B (G)
and found to be consistent with the 2:2:1:2 phase. Moreover,
these measurements show that maximum solubility of Pb FIG. 1. Magnetization loopsn=B,—Bgg plotted against the
corresponds to the formula RPh,,SL,CaCuyOg. local inductionB,, for the BSCCO(Pb=0.4) crystal at 84, 88, and
[BSCCO (Pb=0.4)]. In this work Pb-free crystals, BSCCO 92 K.

(Pb=0), and maximally doped crystals, BSCO®b=0.4),

were chosen for the further investigations. Two single Figure 1 shows typical magnetization loopa=B,
crystals, carefully selected from the batches, were cut with a By , measured for the Pb-doped sample, plotted against the
wire saw to the dimensions 230r80x 25 pm® [BSCCO  |ocal inductionB,. Probe 4 is located close to the sample
(Pb=0.4], and 220<940x15 um® [BSCCO (Pb=0)].  center, whereaBg g is the average signal of probes 8 and 9
In the low-field limit the BSCCO(Pb=0.4) sample has \hich are located close to the neutral line posifibrt the
Tc=95 K with AT, =4 K, and the undoped BSCCO crystal o5 |ineB is approximately equal to the applied fid .

has ;rcl=90d!< \,:V'ththA:[rCt:hlp K. The T, vatlluets_of tlhese (oThe three loops in Fig. 1 were obtained at 84, 88, and 92 K
ggfmau?ng,'gr,] icate that their oxygen content 1S close 0|IIustrating the particular temperature dependence of the

The magnetic measurements were performed using thlénagnetization in this temperafure range niear The sample
micro-Hall probe technique. An array consisting ¥ 11 exhibits a distinct second peak, i.e., a strong increase in the

GaAs/AlGaAs Hall sensors each with aX1@0-xm? active magnitude of the magnetization in an intermediate field
area and a 1Qsm separation, allowed the measurement offange. Experimentally one may define three characteristic
spatial dependent profiles of the normal component of thdields which are indicated in the figure. The lowest of these is
magnetic inductiorB,(x,) =B, at the sample surfadéThe  Bon denot_ing the onset field of th(_a secon_d_pea_k while the
field sensitivity with this technique is better then 0.1 G andP&ak maximum occurs &peq. The irreversibility fieldB;,

fields up b 5 T can be detected. One of the probes is used tgenotes the field where tH&(B,) loop width is reduced to
measure the external field by mounting the sample directlg€ro, i.e., below the noise level. The temperature dependence
onto the array so that this probe is located outside the sampf¥f these characteristic fields forms a phase diagram in the
edge. The field is always applied perpendicular to the samplB-T plane.

- peak -

platelet which is parallel to the crystallograpli@xis. The phase diagram obtained for the Pb-doped sample in
the temperature range 15-92 K is presented in Fig. 2. All the
ll. RESULTS fieldsBon, Bpeak: andB;,, are found to exist over this whole

Hall-probe data can be conveniently analyzed by Considgemperature interval. Between 25 and 70 K the valuBgf

ering the difference between probe signalsB,=B is approximately constant and then decreases rapidly to-
—B,,, where the probe’ serves as reference nln s?)me gether with the other characteristic fields as T approaches
n’ s .

cases the reference signal is found by averaging the signglcj Below 25 K, Bo, rapidly appr(_)aches the value Beax. :
from two probes. Hysteresis loops are formed &8, is This occurs because the magnitude of the full penetration

measured as a function of the applied figlg. These hys- field becomes comparable to the characteristic field of the
teresis loops strongly resemble loops obtained from convergécond peak, eventually masking the fishtail effect at the

tional magnetometry so it is customary to denote Hall probdOWer temperatures.

data as local magnetization. This terminology will also be The magnetic behavior of the BSCGBb=0) crystal was
used here, although we are fully aware that local magnetizahvestigated from 15 K and up t@.. In this interval the

tion in the perpendicular field geometry is a different second peak was observed only in a small temperature range
quantity3>36 between 20 and 30 K consistent with other repbrmw-
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FIG. 2. Magnetic phase diagram defined by the fieg,

Bpeak: @andB;,, , determined for the BSCC@Pb=0.4) sample. FIG. 3. Persistent curredtfor the BSCCO(Pb=0.4) crystal as
a function of field and time af =30 K. Arrow indicates time evo-

ever, the irreversibility field;,, could be measured over the lution. The earliest time correspondstte 8 sec while the longest

whole interval up toT, . The values 0Bj,, andBc,in the ~ fime ist=650sec.

undoped sample are both an order of magnitude smaller than

in the doped sample, while the valuesRy,, are comparable i _ n( cyD ) ©

[in BSCCO (Pb=0), B,,~200 G, independent of tempera- kT PoABJ)’

ture]. In addition, the se_cond peak is generally sharper in th%vhere 7 is the viscosity coefficierf® A~1 is a numerical

undoped sample than in the Pb-doped sample. Whereas t ?fctor ¢, is the flux quantum, and the speed of light.

ratio Bpeai/ Bon is close to 2 in BSCCQPb=0), itis on the Fi ur(g 4 shows the relaxation behavior Of near the

order of 10 for the BSCCQPb=0.4) sample at the same 9 . . . .

temperature. sample center as a function &for various applied fields at

In order to investigate the dynamic behavior of the secon OK.There s a distinct crossover in the slopd.bersusJ
9 y s B, is increased beyond the second peak maximum at

peak, relaxation measurements were performed on ths4 KG. It
is also clear from Fig. 4 that for constant current

BSCCO(Pb=0.4) crystal. The initial state was prepared by ensity J the activation energy) is growing with B, for
zero-field cooling and subsequently applying a constant fiel . . ;
B.. The induction at each probe was then measured as 2@ - Cpeak, andU is decreasing withB, for B> Bpeqy

a: . : ' p ; . . In Fig. 5, U is plotted as a function of time for the same
function of time. From the time-dependent induction profiles . . X

B, values presented in Fig. 4. Note tHatis approximately

obtained with the probe array, the persistent curtemtas i h the | thm of the ti . it th
determined by a fitting procedure described elsewffefég- inear with the °_9a§'52m of the time, In agreement with the
logarithmic solutiofi"

ure 3 shows the relaxation dfwith time at variousB, at
30 K. The upperd(B,) curve is obtained at=8 seconds,
wheret=0 corresponds to the time whé), is established. 16 43'<G 39kG 34kG 29kG 24'<G .

This curve displays a distinct second peak centered at 2.4

kG. As time evolves the peak i(B,) is seen to gradually )

shift toward lower fields eventually reaching 1.9 kG, as seen % 1.9kG
0.4kG

=

UI

in the lower curve of Fig. 3, at 650 sec. The relaxation be-
havior is different on the two sides of the peak, with the 1
relaxation rate increasing wit, up to the peak aB¢,and

N

then the rate appearing essentially field independent above =
the peak. S 133 \}j -
The current density dependence of the local flux creep % \,
activation energyl(J), can be found using a recently de- 12 ?,: o I
veloped method® The analysis is based on the calculation of 1 ook 14KkG
the flux current densityp defined as » i
xdB,(X',t) P .
D(x,t)=—f ——dx’. (1) 15 20 25 30 35 40 45 50 55
o J (KA/em?)
Here x=0 corresponds to the sample center whBre 0. FIG. 4. Barrier energy) as a function of current density at

Knowing D(x,t), thenU(x,t) can be found using the rela- T=30 K for different applied fields during relaxation. Arrows in-
tion dicate time evolution.
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FIG. 5. Temporal development & at T=30 K for different
applied fieldsB,=0.4,0.9,1.4,1.9,2.4,2.9,3.4,3.9,4.3 kG showing
data collapse for fields close to and above the peak field.

U=KTIn(t/ty). 3)

In this equation the time scalg in the logarithmic term is
proportional to 1/B,(dU/dj)], implying that U is only
weakly dependent on the applied fiédg, in agreement with
the experimental data of Fig. 5.

IV. DISCUSSION

The results of several studies support the conclusion th
increasing lead content in Bi,Ph,Sr,CaCyOg, 5 will dra-
matically reduce the anisotropy.>° Regi et al** showed
that after Pb doping the normal-state resistivity alongdhe
axis decreases by two orders of magnitude nBar® In
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FIG. 6. B;,, data of all four crystals as functions of reduced
temperature. Shown as full lines are fits by E8). resulting in the
indicated values fory.

vy=270+20, BSCCO(Pb=0.4) y=68+5, YBCO (6=0.5)
vy=45+t5, YBCO (6=1) y=12+2. Provided that the scal-
ing law (4) is correct, these results demonstrate that it is
indeed possible to bridge the anisotropy gap between YBCO
and BSCCO by Pb doping BSCCO from one side and deoxy-
genating YBCO from the other.

We discuss now the possibility that the second peak is
formed due to a vortex matter crossover from three-
dimensional(3D) flux-line lattice to a 2D flux structure, as

roposed by several authdfs®! The predicted crossover
leld for the 3D-2D transition is given by

BZD:q)o/Sz'yz, (5)

wheres is the interlayer spacinyf. Between the Pb-doped

contrast to this, these studies found that the resistivity in th@scco and the deoxygenated YBCO crystals we have a
ab plane is hardly changed. Other investigations show thabair of samples, BSCC@Pb=0.4) and YBCO (5=0.5),

the c-axis critical current density is also increased by Pbth very different interlayer spacing but similar anisotropy
doping.™ The Josephson coupling energy, which is related tgyroviding the opportunity to compare thg,e with the pre-

the interlayer coupling strength, was measured to be a factqjiction for B, over a large temperature range.

of 3.5 higher in a maximally doped BSCC@Pb=0.4)
sample™ These results all indicate that decreases signifi-

Figure 7 shows a plot of thB .4 fields of both YBCO
crystals, the “pure” BSCCO and the Pb-doped BSCCO

cantly with increasing Pb doping up to the saturation level Ofcrystals. Usings=0.43 nm for YBCO ancs=1.54 nm for

BSCCO(Pb=0.4).

Based on studies of deoxygenated YBCO, a scaling rela-

tion betweeny? andB;,, has been suggestétThere is fur-
ther evidence that this relation may be universally valid for
all high-temperature superconducting materfal&y com-
paringB;,, for BSCCO, LSCO, and YBCO, Kitazawet al.
extracted the scaling law

Bir ~3.34x 10"y 27113 (4)

wherer=1—T/T, is the reduced temperature aBg, is in
Gauss. This empirical relation is used here to/fib ourB;,,
data in the range>0.6 (see Fig. J. Also shown in Fig. 6
are data obtained for deoxygendfednd optimally oxygen-
doped YBCO! For all four crystals the empirical law gives

\'\.;\‘\
o
—m—BSCCO(Pb=0) &,
—e—BSCCO(Pb=0.4)
—4—YBCO (5=0.5) 3

—¥—YBCO (5~1)
04 06
1-T/IT
o4

0.8

an excellent description of the behavior in the entire tem-

perature range. Fitting the data of Fig. 6 using E, the
following anisotropy values are determined: BSC@Db=0)

FIG. 7. Bpeax Of all four crystals as functions of reduced tem-
perature.
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where e,=(®y/47\)? is the vortex tension. For a constant

"'Q:‘ time windowt, determined by the experimental technique,
AL Al _ Eq. (6) yields
10 \\J§ . q.(6)y
@ = \'{\, By y 2 7
?;1 0%t ‘\\'\. _ An important feature in the magnetization curves of Fig. 1
£ e hsaco(Phood) N is the onset-fieldB,,, of the anomalous second peak in the
—A—YBCO(5-0.5) Y magnetization curve. The fieBl,, is plotted in Fig. 2 for the
, —¥—YBCO@-1) A BSCCO(Pb=0.4) crystal. Consistent with recent experimen-
105502 08 08 10 tal work!*12it is shown below that the linB,,(T) separates
| ' | ' ' two solid vortex phases. The theoretical basis for this claim
1-T/T, is as follows. The vortex phase diagram is determined by the

, interplay between three energy scales: the vortex elastic en-
FIG. 8. Plots ofy“BpeakVversus reduced temperature for the four ergy £ .. the energy of thermal fluctuatiorB,e mar,
crystals. and the pinning energg inning. The competition between

_ the first two determines the melting Ii#e€° while the com-
BSCCO together with the values found by the above em- petition between the last two determines the irreversibility

pirical method, very little correlation is fouqd between the"ne' i.e., the lineB,,(T) is the intersection OF ¢jaeiid( B, T)
values ofBpeaandByp . As an example, using EGS) for  5pq Epinning(B.T) surfaces. Most relevant to the present
YBCO (6=0.5) a value oB,p=>50 kG is estimated and for \york is the competition between the elastic energy and the
BSCCO(Pb=0.4) Bop=1.8 kG, but the graph shows peak ninning energy: at low fields the elastic interactions govern
fields for these two samples much closer in value. This leadge structure of the vortex solid, forming a quasiordered lat-
to the conclusion that the 3D-2D decoupling mechanism igjce. AboveB,,, however, disorder dominates and vortex
not responsible for the second peék. _ interactions with pinning centers resulting in an entangled
~ The results, in fact, suggest another relation BYeax  solid where cells of the vortex lattice are twisted and dislo-
independent 08, i.e., Byea* v~ 2. This is supported by the cations proliferate.

graphs shown in Fig. 8, whergB,,c.is plotted againstthe  The elastic energy near the solid-entanglement transition,
reduced temperature for all four crystals. The four curvess given by*%

deviate by less than a factor of two over a wide temperature

range, 7=0.4—0.8. Hence both the irreversibility field and Eelastic= €0Ccao/ ¥, 8
trggysecond peak fields seem to be governed by the anlso\;rv—here ap=(®,/B)? is the intervortex spacing and,

An analysis of the relaxation data shows that the pea

€0.1—0.4 is the Lindemann number. In order to equate
field is moving with time to lower valuetsee Fig. 3. This

pinning With Egjastic it is important to take into account
three possible regimes for the pinning energy. These regimes

points to a dynamic origin of the peak, which is further , ; i
strengthened by the shape of 1H6J) curve as a function of are defined by the three length scales in the problem: the
interlayer spacing, the characteristic size of the longitudinal

field. The slopesU/4J is different before and after the peak, ) ;
which is consistent with a different relaxation process in ei_fl_uctuatlons In a cagep:ZaO/y, see also Ref. 51, and the
ther of the two field range.In the dynamic model the peak Siz€ Of a coherently pmnedz segment 0f1}3he vortex. The Lar-
is formed as the relaxation speeds up after the peak field &N 1ength is given byt . =[ €56%/(v" 4is) I, wheredy;s the
reached, thus decreasidgt). The dynamic picture is also disorder parameter, angl \ are the coherence length and
consistent with results by Yeshurn al® and by Tamegai "€ penetration depth, respectively. For a 2D case<(s
et al*® showing a clear time dependence of the second peak L0):" Epinning PECOMES
in BSCCO. Both studies show that the peak is virtually ab- E. o ~U(Ly/s)!s 9)
sent when the loops are measured on a short time scale while pinning™ = pt =0 '
the peak gradually appears as the time scale is expanded. &sr a 3D cased<L),>*?°if (L,<L,), it becomes
pointed out in the previous section, the activation energy s
grows withB below the second peak and decreases after the Epinning=Uap(Lo/Lc) ™, (10)
peak_. This crossover in the field dependence indice_lte_s afhereas for the case<l,<L,,2*
elastic-to-plastic creep crossovaround the peak-field simi-
lar to that observed in dNb@éO, 17YBCO,lo NCCO}? Enpinning=VJdisLos (1)
BSCCO?2TBCCO®% and HBCO! , o

A natural explanation is found within the framework of Where Up= N 5d2iS~i’/3'S one pancake pinning energy and
the elastic-to-plastic creep crossover scenario for the fact thaddp= (Jais€o€™/y) ™~ the single vortex depinning energy.
Bpeaty 2. To roughly estimate the crossover fieldﬁ?andThe equation
equate the values of the elastic and plastic pinning bartiers, _
the following relation can be used: Eetasiid B:T)=Epinning( B, T) (12
yields the temperature dependence of the onset of the phase
transitionB,,(T) in each of these three regimes.
~kTIn(t/ty), (6) The curveB,,(T) for BSCCO(Pb=0.4) is identified by
YVBp the open squares in Fig. 2. We consider now Byg(T)

€0
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FIG. 9. Second peak onset fiel,, versus temperature for the
BSCCO(Pb=0.4) crystal(circles shown together with a theoreti-
cal curve Egj,stic= Epinning for different pinning regimeg(solid
lines).

dependence in the temperature range.Zs< T, where it is
not influenced by the interference with the “first pealsee
previous section The lineB,,(T) is composed of three re-
gimes: (i) B,y initially decreases withT; (i) B,, then
slightly increases witfT, exhibiting a maximum; and finally
(iii ) By, decreases again up1Q . It can be shown that these
three regimes are directly related to the thE&g,ning re-
gimes outlined above. First note tHas is temperature inde-
pendent and, for fields of ord®;,, (several hundred Gauss
Lo is larger than the interlayer spacirsg=1.54 nm. (For
example, foB=300 G,Ly~7.6 nm) Inserting the value of
the anisotropy obtained above £ 68), and reasonable val-
ues for¢ (1-10 nm and\ (100-200 nny, it follows that
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the line described in Fig. 9. In this reginBg, is predicted to
increase with temperature. The decreasaBgf with tem-
perature abovd~66 K implies that at this temperatute,
exceeds the value df,. Indeed, our calculations show that
in the vicinity of 66 K,L.~Ly~5 nm, implying the validity
of Eq. (11) for Epinning- A fit of the B,,, data forT>66 K,
based on Eq(1l), is also shown in Fig. 9.

Finally we note that in the case of “pure” BSCC®b
=0), B,,(T) is approximately constant, in agreement with
previous report$!t12This constant value is a result of the
fact thatB,, in this material is found only at low tempera-
tures(i.e., T<T.) where the superconducting parameters are
almost temperature independent. The onset field and the
anomalous second peak disappear all together at higher tem-
peratures, because the thermal energy starts to dominate the
elastic and the pinning energies.

We also note that in the model of disorder-induced tran-
sition B,,, at T=0 must strongly depend opn?*?>Neverthe-
less in BSCCQPb=0.4) its value is the same order of mag-
nitude as in BSCCQOPb=0). This may be related to a
significant increase in disorder paramei®y. (associated
with pinning strengthdue to Pb dopind® Alternatively, this
may be related to the electromagnetic interaction between
pancakes in weakly coupled layered superconductors; when
this interaction is taken into accoutita similar value for the
disorder parametefys may be used for BSCC@Pb=0) as
for BSCCO(Pb=0.4) to obtain a value of 200 G fdB,,(T
=0) in BSCCO(Pb=0).

V. SUMMARY AND CONCLUSIONS

L.<1 nm at low temperatures. It is therefore possible to .
conclude that at low temperatures we are in the limit of 2D TheB-T phase diagram of Pb-doped and Pb-free BSCCO

pinning. Then, substituting Eq&Y) and(8) into Eq.(12) one
obtains?

Bon(T) & 52=Bon(0)[1— (T/To) "1 (13

has been measured and it was found that doping dramatically
changes the characteristic fields. For the undoped crystal a
second magnetization peak in the temperature interval
20-26 K was observed while the doped sample exhibited a
second peak over the entire temperature range, 15-92 K.

The fit of this expression to the experimental data for 25¢thermore, the irreversibility field increases by an order of

<T<48 K is shown in Fig. 9. Around 48 KB, starts

magnitude in the doped sample as compared to the undoped

increasing with temperature. For none of the parameters iErystaI over the entire temperature range. The oveéall

Eq. (9) can the temperature dependence change in such ifoperties of the Pb-doped sample approaches those of

way thatB,,, will start increasing. It therefor_e SEems reason-geqxygenated YBCO. Using a recently proposed scaling ex-
able to conclude that at around 48 K there is a crossover to Sression the anisotropy valuegesccqpboy =270+ 20

regime wherd.; exceeds the value af A mechanism which _Rrat B+ )
may explain such an abrupt increasd inis the temperature ggfns]fnce%fb:o"m 683, andy(yscqos) =45+ 5, were de
;mearing of the p'inning when the transverse Fhermal fluctua- gssed on these anisotropy values our data show that the
tlons_of the flux Ilnes_ be_come larger than This occurs at  a|ation B,p=®,/s2y2 is not appropriate to describe the
the single vortex depinning temperatdfeOur experimental position of the second peak, showing that the second peak is
results suggest that for BSCCMPb=0.4), Tqp~48 K. ot que to a 3D-2D decoupling. Instead we find B3t ak
Above this temperature the Laf'g'gn pinning length starts,. . -2 js an excellent description of the behavior for the two
growing exponentially as given By YBCO and the doped BSCCO crystals in complete agree-
3 ment with the elastic-to-plastic creep crossover scenario,
Lo Le(Tap/T)eXH(T/Tap)"~ 1] (14 which is also evident frompour indepeﬁdent relaxation mea-
as a result of a thermal smearing of the quenched disordesurements.
Indeed, our calculations show that in the vicinityTof 48 K, In addition, theB,, field is shown to be an onset of the
L.=1 nm and becomes of order This growth causes a vortex entanglement transition. An excellent fit of the experi-
crossover to a regime wheexL.<L, andB,,(T) is then mental B,,(T) data was found, with three basic regimes:
determined by substituting Eq®) and(10) into Eq.(12). A L.<s<L, for T<48 K, s<L.<L, for 48<T<66 K, and
fit of Bo,y(T) in the temperature range 48 <66 K yields s<Ly<L. for T>66 K.
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