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Vortex solid-solid transition in a Bi1.6Pb0.4Sr2CaCu2O8¿d crystal
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The magnetic vortex phase diagram of Bi1.6Pb0.4Sr2CaCu2O81d 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 experimentalBon(T) data to the model
of disorder-induced transition was found for three basic regimes:Lc,s,L0 for T,48 K, s,Lc,L0 for 48
,T,66 K, ands,L0,Lc for T.66 K, wheres, L0, and Lc are, respectively, the interlayer spacing, the
characteristic size of the longitudinal fluctuations in a cage, and the size of a coherently pinned vortex segment.
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I. INTRODUCTION

The magnetic phase diagram associated with the magn
vortex matter states in high-temperature superconduc
~HTS’s! is a topic of extensive theoretical and experimen
research. Recently, a great deal of effort has been focuse
highly anisotropic Bi2Sr2CaCu2O81d ~BSCCO!, revealing a
rich phase diagram. Neutron-scattering1 and muon spin
rotation2 experiments have revealed the existence of two
tinct vortex solid phases: a quasiordered lattice at low fie
and a highly disordered solid at high fields. The transit
between these two phases is manifested in magnetic m
surements as a sharp increase in the magnitude of the
netization resulting from an increase in the persistent cur
density.3–8 This second peaking of the magnetization as
function of applied field, or ‘‘fishtail,’’ was also observed i
a variety of HTS’s and low-temperature superconduc
~LTS! materials, such as YBa2Cu3O72d ~YBCO!,9–11

Nd1.85Ce0.15CuO42d ~NCCO!,12 (La12xSrx)2CuO4
~LSCO!,13 Tl-based compounds~TBCCO!,14–16 Hg-based
compounds~HBCO!,15,17 CeRu2,18 NbSe2,19,20 and Nb.21

While the peak field of the fishtail is time dependent, and
been shown to be consistent with a crossover from an ela
to a plastic flux creep mechanism,10,16,17,20,22,23the onset of
the fishtail appears to be associated with a transition betw
the two solid phases at the fieldBon .

A recent model24–26 associates this transition with a di
order induced transition. In this model, the transition field
determined by a competition between the vortex elastic
ergy Eelastic and the pinning energyEpinning . Both of these
energies depend on the magnetic penetration depthl and the
coherence lengthj, and hence on field and temperature.
low fields the elastic interactions govern the structure of
vortex solid leading to the formation of a quasiordered l
tice. At fields aboveBon , however, disorder dominates an
vortex interactions with pinning centers result in an e
tangled solid where cells of the vortex lattice are twisted a
dislocations proliferate. According to this approach, the l
PRB 620163-1829/2000/62~6!/4058~8!/$15.00
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Bon(T) is the crossing line of the two surfacesEelastic(B,T)
andEpinning(B,T). By employing this approach it is possibl
to explain the details of the transition lineBon(T) in several
systems,11 including BSCCO, NCCO, and YBCO, despit
the large differences in theirTc values, the range of fields
and temperatures for which this anomaly is observed, and
pronounced difference in the temperature dependence ofBon

in these systems.
Another parameter, which plays an important role in d

termining the elastic and the pinning energies, is the ani
ropy g. It is expected that by controlling the anisotropy,Bon

will be affected. Indeed, as shown by Khaykovichet al.7 and
Ooi, Tamegai, and Shibauchi,27 the transition lineBon(T) for
BSCCO, underdoped or overdoped with oxygen, is marke
different from the line measured for optimally dope
BSCCO. While the latter persists only up to 40 K, showi
no temperature dependence in this range, in the overdo
and underdoped samplesBon persists up to the vicinity of
Tc , exhibiting a decrease to zero close to this temperat
Though the details ofBon(T) in these samples have not bee
analyzed, it is clear that these results are qualitatively c
sistent with the predictions of the model described above

In this work Pb doping is used to reduce the anisotropy
BSCCO.29,30 Measurements of local magnetization are us
to construct the magnetic phase diagram for this syst
The anisotropyg is estimated using the empirical equatio
introduced by Kitazawaet al.,31 which relates the anisotrop
to the measured irreversibility line at low temperatures.
Pb-doped BSCCO the onset fieldBon , separating the two
vortex solid phases, exhibits an unusual nonmonoton
temperature dependence with three distinct regimes. The
timated value ofg is used in a self-consistent calculation
Bon(T) within the framework of the disorder-induced trans
tion scenario. The effect ofg on bothEpinning andEelastic is
shown to be the main factor responsible for the differe
temperature dependences ofBon in pure and Pb-doped
BSCCO.
4058 ©2000 The American Physical Society



o

C
d

th
b

he
i

ed
et
w
e

ra

in
w

ve
P

le
th

al

t

t

o
th

nd
d
ct

p
p

sid

e
gn

e
b
be
iz
nt

the
le
9

K
the

the
eld
stic
is

the

nce
the

e in
the

to-
hes

tion
the
the

nge

PRB 62 4059VORTEX SOLID-SOLID TRANSITION IN A . . .
II. EXPERIMENT

Single crystals were prepared by mixing powders
Bi2O3, PbO, CuO, CaCO3, and SrCO3.32 The starting com-
position of the powders corresponds to an excess of Ca,
and Pb with respect to the final compoun
(Bi,Pb)2Sr2CaCu2O81d . The mixture is heated to 950 °C
and kept there for 12 h. Depending on the Pb content of
mixture, this temperature exceeds the melting point
80– 110 K. The crystals grow during a slow cooling of t
flux at a rate of 1 K per hour, where the temperature sweep
controlled to better than 0.1 K. After the growth is complet
the crystals are cooled to room temperature at a rate d
mined by the thermal inertia of the furnace. During this slo
cooling we expect that the oxygen concentration becom
uniform and reaches equilibrium via diffusion.

At room temperature the solidified flux consists of seve
crystalline species, where the Bi22xPbxSr2CaCu2O81d single
crystals are easily identified by their platelet shape and sh
appearance. The cation concentrations in these crystals
measured using an electron microprobe of 1mm diameter,
and found to be consistent with the 2:2:1:2 phase. Moreo
these measurements show that maximum solubility of
corresponds to the formula Bi1.6Pb0.4Sr2CaCu2O81d
@BSCCO ~Pb50.4!#. In this work Pb-free crystals, BSCCO
~Pb50!, and maximally doped crystals, BSCCO~Pb50.4!,
were chosen for the further investigations. Two sing
crystals, carefully selected from the batches, were cut wi
wire saw to the dimensions 2103780325 mm3 @BSCCO
~Pb50.4!#, and 2203940315 mm3 @BSCCO ~Pb50!#.
In the low-field limit the BSCCO~Pb50.4! sample has
Tc595 K with DTc54 K, and the undoped BSCCO cryst
has Tc590 K with DTc510 K. The Tc values of these
crystals indicate that their oxygen content is close
optimum.33

The magnetic measurements were performed using
micro-Hall probe technique. An array consisting ofn511
GaAs/AlGaAs Hall sensors each with a 10310-mm2 active
area and a 10-mm separation, allowed the measurement
spatial dependent profiles of the normal component of
magnetic inductionBz(xn)5Bn at the sample surface.34 The
field sensitivity with this technique is better then 0.1 G a
fields up to 5 T can be detected. One of the probes is use
measure the external field by mounting the sample dire
onto the array so that this probe is located outside the sam
edge. The field is always applied perpendicular to the sam
platelet which is parallel to the crystallographicc axis.

III. RESULTS

Hall-probe data can be conveniently analyzed by con
ering the difference between probe signals,DBn5Bn
2Bn8 , where the proben8 serves as reference. In som
cases the reference signal is found by averaging the si
from two probes. Hysteresis loops are formed asDBn is
measured as a function of the applied fieldBa . These hys-
teresis loops strongly resemble loops obtained from conv
tional magnetometry so it is customary to denote Hall pro
data as local magnetization. This terminology will also
used here, although we are fully aware that local magnet
tion in the perpendicular field geometry is a differe
quantity.35,36
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Figure 1 shows typical magnetization loopsm5B4

2B8,9, measured for the Pb-doped sample, plotted against
local inductionB4. Probe 4 is located close to the samp
center, whereasB8,9 is the average signal of probes 8 and
which are located close to the neutral line position.37 At the
neutral lineB is approximately equal to the applied fieldBa .
The three loops in Fig. 1 were obtained at 84, 88, and 92
illustrating the particular temperature dependence of
magnetization in this temperature range nearTc . The sample
exhibits a distinct second peak, i.e., a strong increase in
magnitude of the magnetization in an intermediate fi
range. Experimentally one may define three characteri
fields which are indicated in the figure. The lowest of these
Bon denoting the onset field of the second peak while
peak maximum occurs atBpeak. The irreversibility fieldBirr

denotes the field where theB(Ba) loop width is reduced to
zero, i.e., below the noise level. The temperature depende
of these characteristic fields forms a phase diagram in
B-T plane.

The phase diagram obtained for the Pb-doped sampl
the temperature range 15–92 K is presented in Fig. 2. All
fieldsBon , Bpeak, andBirr are found to exist over this whole
temperature interval. Between 25 and 70 K the value ofBon

is approximately constant and then decreases rapidly
gether with the other characteristic fields as T approac
Tc . Below 25 K,Bon rapidly approaches the value ofBpeak.
This occurs because the magnitude of the full penetra
field becomes comparable to the characteristic field of
second peak, eventually masking the fishtail effect at
lower temperatures.

The magnetic behavior of the BSCCO~Pb50! crystal was
investigated from 15 K and up toTc . In this interval the
second peak was observed only in a small temperature ra
between 20 and 30 K consistent with other reports,7 how-

FIG. 1. Magnetization loopsm5B42B8,9 plotted against the
local inductionB4, for the BSCCO~Pb50.4! crystal at 84, 88, and
92 K.
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4060 PRB 62M. BAZILJEVICH et al.
ever, the irreversibility fieldBirr could be measured over th
whole interval up toTc . The values ofBirr andBpeak in the
undoped sample are both an order of magnitude smaller
in the doped sample, while the values ofBon are comparable
@in BSCCO ~Pb50!, Bon;200 G, independent of tempera
ture#. In addition, the second peak is generally sharper in
undoped sample than in the Pb-doped sample. Wherea
ratio Bpeak/Bon is close to 2 in BSCCO~Pb50!, it is on the
order of 10 for the BSCCO~Pb50.4! sample at the sam
temperature.

In order to investigate the dynamic behavior of the seco
peak, relaxation measurements were performed on
BSCCO~Pb50.4! crystal. The initial state was prepared b
zero-field cooling and subsequently applying a constant fi
Ba . The induction at each probe was then measured a
function of time. From the time-dependent induction profi
obtained with the probe array, the persistent currentJ was
determined by a fitting procedure described elsewhere.38 Fig-
ure 3 shows the relaxation ofJ with time at variousBa at
30 K. The upperJ(Ba) curve is obtained att58 seconds,
wheret50 corresponds to the time whenBa is established.
This curve displays a distinct second peak centered at
kG. As time evolves the peak inJ(Ba) is seen to gradually
shift toward lower fields eventually reaching 1.9 kG, as se
in the lower curve of Fig. 3, at 650 sec. The relaxation b
havior is different on the two sides of the peak, with t
relaxation rate increasing withBa up to the peak atBpeakand
then the rate appearing essentially field independent ab
the peak.

The current density dependence of the local flux cre
activation energy,U(J), can be found using a recently de
veloped method.39 The analysis is based on the calculation
the flux current densityD defined as

D~x,t !52E
0

x]Bz~x8,t !

]t
dx8. ~1!

Here x50 corresponds to the sample center whereD50.
Knowing D(x,t), thenU(x,t) can be found using the rela
tion

FIG. 2. Magnetic phase diagram defined by the fieldsBon ,
Bpeak, andBirr , determined for the BSCCO~Pb50.4! sample.
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kT
52 lnS chD

f0ABJD , ~2!

whereh is the viscosity coefficient,40 A'1 is a numerical
factor,f0 is the flux quantum, andc the speed of light.

Figure 4 shows the relaxation behavior ofU near the
sample center as a function ofJ for various applied fields a
30 K. There is a distinct crossover in the slope ofU versusJ
as Ba is increased beyond the second peak maximum
2.4 kG. It is also clear from Fig. 4 that for constant curre
density J the activation energyU is growing with Ba for
Ba,Bpeak, andU is decreasing withBa for Ba.Bpeak.

In Fig. 5, U is plotted as a function of time for the sam
Ba values presented in Fig. 4. Note thatU is approximately
linear with the logarithm of the time, in agreement with th
logarithmic solution41,42

FIG. 3. Persistent currentJ for the BSCCO~Pb50.4! crystal as
a function of field and time atT530 K. Arrow indicates time evo-
lution. The earliest time corresponds tot58 sec while the longes
time is t5650 sec.

FIG. 4. Barrier energyU as a function of current densityJ at
T530 K for different applied fields during relaxation. Arrows in
dicate time evolution.
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PRB 62 4061VORTEX SOLID-SOLID TRANSITION IN A . . .
U5kT ln~ t/t0!. ~3!

In this equation the time scalet0 in the logarithmic term is
proportional to 1/@Ba(]U/] j )#, implying that U is only
weakly dependent on the applied fieldBa , in agreement with
the experimental data of Fig. 5.

IV. DISCUSSION

The results of several studies support the conclusion
increasing lead content in Bi22xPbxSr2CaCu2O81d will dra-
matically reduce the anisotropyg.29,30 Régi et al.43 showed
that after Pb doping the normal-state resistivity along thc
axis decreases by two orders of magnitude nearTc .29 In
contrast to this, these studies found that the resistivity in
ab plane is hardly changed. Other investigations show t
the c-axis critical current density is also increased by
doping.43 The Josephson coupling energy, which is related
the interlayer coupling strength, was measured to be a fa
of 3.5 higher in a maximally doped BSCCO~Pb50.4!
sample.44 These results all indicate thatg decreases signifi
cantly with increasing Pb doping up to the saturation leve
BSCCO~Pb50.4!.

Based on studies of deoxygenated YBCO, a scaling r
tion betweeng2 andBirr has been suggested.45 There is fur-
ther evidence that this relation may be universally valid
all high-temperature superconducting materials.31 By com-
paringBirr for BSCCO, LSCO, and YBCO, Kitazawaet al.
extracted the scaling law

Birr '3.343107g22t1.13, ~4!

wheret512T/Tc is the reduced temperature andBirr is in
Gauss. This empirical relation is used here to fitg to ourBirr
data in the ranget.0.6 ~see Fig. 7!. Also shown in Fig. 6
are data obtained for deoxygenated46 and optimally oxygen-
doped YBCO.11 For all four crystals the empirical law give
an excellent description of the behavior in the entire te
perature range. Fitting the data of Fig. 6 using Eq.~4!, the
following anisotropy values are determined: BSCCO~Pb50!

FIG. 5. Temporal development ofU at T530 K for different
applied fields Ba50.4,0.9,1.4,1.9,2.4,2.9,3.4,3.9,4.3 kG showi
data collapse for fields close to and above the peak field.
at

e
at

o
or

f

a-

r

-

g5270620, BSCCO~Pb50.4! g56865, YBCO (d50.5)
g54565, YBCO (d51) g51262. Provided that the scal
ing law ~4! is correct, these results demonstrate that it
indeed possible to bridge the anisotropy gap between YB
and BSCCO by Pb doping BSCCO from one side and deo
genating YBCO from the other.

We discuss now the possibility that the second peak
formed due to a vortex matter crossover from thre
dimensional~3D! flux-line lattice to a 2D flux structure, a
proposed by several authors.14,31 The predicted crossove
field for the 3D-2D transition is given by

B2D5F0 /s2g2, ~5!

where s is the interlayer spacing.47 Between the Pb-doped
BSCCO and the deoxygenated YBCO crystals we hav
pair of samples, BSCCO~Pb50.4! and YBCO (d50.5),
with very different interlayer spacing but similar anisotrop
providing the opportunity to compare theBpeak with the pre-
diction for B2D over a large temperature range.

Figure 7 shows a plot of theBpeak fields of both YBCO
crystals, the ‘‘pure’’ BSCCO and the Pb-doped BSCC
crystals. Usings50.43 nm for YBCO ands51.54 nm for

FIG. 6. Birr data of all four crystals as functions of reduce
temperature. Shown as full lines are fits by Eq.~3! resulting in the
indicated values forg.

FIG. 7. Bpeak of all four crystals as functions of reduced tem
perature.
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4062 PRB 62M. BAZILJEVICH et al.
BSCCO together with theg values found by the above em
pirical method, very little correlation is found between t
values ofBpeak andB2D . As an example, using Eq.~5! for
YBCO (d50.5) a value ofB2D550 kG is estimated and fo
BSCCO ~Pb50.4! B2D51.8 kG, but the graph shows pea
fields for these two samples much closer in value. This le
to the conclusion that the 3D-2D decoupling mechanism
not responsible for the second peak.48

The results, in fact, suggest another relation forBpeak
independent ofs, i.e., Bpeak}g22. This is supported by the
graphs shown in Fig. 8, whereg2Bpeak is plotted against the
reduced temperature for all four crystals. The four curv
deviate by less than a factor of two over a wide tempera
range,t50.4– 0.8. Hence both the irreversibility field an
the second peak fields seem to be governed by the an
ropy.

An analysis of the relaxation data shows that the p
field is moving with time to lower values~see Fig. 3!. This
points to a dynamic origin of the peak, which is furth
strengthened by the shape of theU(J) curve as a function of
field. The slope]U/]J is different before and after the pea
which is consistent with a different relaxation process in
ther of the two field ranges.10 In the dynamic model the pea
is formed as the relaxation speeds up after the peak fie
reached, thus decreasingJ(t). The dynamic picture is also
consistent with results by Yeshurunet al.6 and by Tamegai
et al.49 showing a clear time dependence of the second p
in BSCCO. Both studies show that the peak is virtually a
sent when the loops are measured on a short time scale w
the peak gradually appears as the time scale is expande
pointed out in the previous section, the activation ene
grows withB below the second peak and decreases after
peak. This crossover in the field dependence indicates
elastic-to-plastic creep crossoveraround the peak-field simi
lar to that observed in NbSe2,20, YBCO,10 NCCO,12

BSCCO,22,23 TBCCO,16,23 and HBCO.17

A natural explanation is found within the framework
the elastic-to-plastic creep crossover scenario for the fact
Bpeak}g22. To roughly estimate the crossover field a
equate the values of the elastic and plastic pinning barrie10

the following relation can be used:

e0

gABp

;kT ln~ t/t0!, ~6!

FIG. 8. Plots ofg2Bpeak versus reduced temperature for the fo
crystals.
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wheree05(F0/4pl)2 is the vortex tension. For a consta
time window t, determined by the experimental techniqu
Eq. ~6! yields

Bp}g22. ~7!

An important feature in the magnetization curves of Fig
is the onset-fieldBon of the anomalous second peak in th
magnetization curve. The fieldBon is plotted in Fig. 2 for the
BSCCO~Pb50.4! crystal. Consistent with recent experime
tal work11,12 it is shown below that the lineBon(T) separates
two solid vortex phases. The theoretical basis for this cla
is as follows. The vortex phase diagram is determined by
interplay between three energy scales: the vortex elastic
ergy Eelastic, the energy of thermal fluctuationsEthermal,
and the pinning energyEpinning . The competition between
the first two determines the melting line34,50 while the com-
petition between the last two determines the irreversibi
line, i.e., the lineBon(T) is the intersection ofEelastic(B,T)
and Epinning(B,T) surfaces. Most relevant to the prese
work is the competition between the elastic energy and
pinning energy: at low fields the elastic interactions gove
the structure of the vortex solid, forming a quasiordered
tice. Above Bon , however, disorder dominates and vort
interactions with pinning centers resulting in an entang
solid where cells of the vortex lattice are twisted and dis
cations proliferate.

The elastic energy near the solid-entanglement transit
is given by24,25

Eelastic5e0cL
2a0 /g, ~8!

where a05(F0 /B)1/2 is the intervortex spacing andcL
'0.1 – 0.4 is the Lindemann number. In order to equ
Epinning with Eelastic it is important to take into accoun
three possible regimes for the pinning energy. These regi
are defined by the three length scales in the problem:
interlayer spacings, the characteristic size of the longitudin
fluctuations in a cageL0.2a0 /g, see also Ref. 51, and th
size of a coherently pinned segment of the vortex. The L
kin length is given byLc5@e0

2j2/(g4ddis)#1/3, whereddis the
disorder parameter, andj, l are the coherence length an
the penetration depth, respectively. For a 2D case (Lc,s
,L0),24 Epinning becomes

Epinning.Up~L0 /s!1/5. ~9!

For a 3D case (s,Lc),
24,25 if ( Lc,L0), it becomes

Epinning.Udp~L0 /Lc!
1/5, ~10!

whereas for the cases,L0,Lc ,24

Epinning.AddisL0, ~11!

where Up5pAddiss is one pancake pinning energy an
Udp5(ddise0j4/g2)1/3 the single vortex depinning energy
The equation

Eelastic~B,T!5Epinning~B,T! ~12!

yields the temperature dependence of the onset of the p
transitionBon(T) in each of these three regimes.

The curveBon(T) for BSCCO~Pb50.4! is identified by
the open squares in Fig. 2. We consider now theBon(T)
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PRB 62 4063VORTEX SOLID-SOLID TRANSITION IN A . . .
dependence in the temperature range 25,T,Tc , where it is
not influenced by the interference with the ‘‘first peak’’~see
previous section!. The lineBon(T) is composed of three re
gimes: ~i! Bon initially decreases withT; ~ii ! Bon then
slightly increases withT, exhibiting a maximum; and finally
~iii ! Bon decreases again up toTc . It can be shown that thes
three regimes are directly related to the threeEpinning re-
gimes outlined above. First note thatL0 is temperature inde
pendent and, for fields of orderBon ~several hundred Gauss!,
L0 is larger than the interlayer spacings51.54 nm. ~For
example, forB5300 G,L0'7.6 nm.! Inserting the value of
the anisotropy obtained above (g568), and reasonable va
ues forj (1 – 10 nm! and l (100– 200 nm!, it follows that
Lc!1 nm at low temperatures. It is therefore possible
conclude that at low temperatures we are in the limit of
pinning. Then, substituting Eqs.~9! and~8! into Eq.~12! one
obtains52

Bon~T!}j25/25Bon~0!@12~T/Tc!
4#5/4. ~13!

The fit of this expression to the experimental data for
,T,48 K is shown in Fig. 9. Around 48 K,Bon starts
increasing with temperature. For none of the parameter
Eq. ~9! can the temperature dependence change in su
way thatBon will start increasing. It therefore seems reaso
able to conclude that at around 48 K there is a crossover
regime whereLc exceeds the value ofs. A mechanism which
may explain such an abrupt increase inLc is the temperature
smearing of the pinning when the transverse thermal fluc
tions of the flux lines become larger thanj. This occurs at
the single vortex depinning temperature.28 Our experimental
results suggest that for BSCCO~Pb50.4!, Tdp'48 K.
Above this temperature the Larkin pinning length sta
growing exponentially as given by25,28

Lc→Lc~Tdp /T!exp@~T/Tdp!
321# ~14!

as a result of a thermal smearing of the quenched disor
Indeed, our calculations show that in the vicinity ofT'48 K,
Lc.1 nm and becomes of orders. This growth causes a
crossover to a regime wheres,Lc,L0 andBon(T) is then
determined by substituting Eqs.~8! and~10! into Eq.~12!. A
fit of Bon(T) in the temperature range 48,T,66 K yields

FIG. 9. Second peak onset fieldBon versus temperature for th
BSCCO~Pb50.4! crystal ~circles! shown together with a theoreti
cal curve Eelastic5Epinning for different pinning regimes~solid
lines!.
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the line described in Fig. 9. In this regimeBon is predicted to
increase with temperature. The decrease ofBon with tem-
perature aboveT'66 K implies that at this temperatureLc

exceeds the value ofL0. Indeed, our calculations show tha
in the vicinity of 66 K,Lc'L0'5 nm, implying the validity
of Eq. ~11! for Epinning . A fit of the Bon data forT.66 K,
based on Eq.~11!, is also shown in Fig. 9.

Finally we note that in the case of ‘‘pure’’ BSCCO~Pb
50!, Bon(T) is approximately constant, in agreement wi
previous reports.7,11,12 This constant value is a result of th
fact thatBon in this material is found only at low tempera
tures~i.e., T!Tc) where the superconducting parameters
almost temperature independent. The onset field and
anomalous second peak disappear all together at higher
peratures, because the thermal energy starts to dominat
elastic and the pinning energies.

We also note that in the model of disorder-induced tra
sition Bon at T50 must strongly depend ong.24,25Neverthe-
less in BSCCO~Pb50.4! its value is the same order of mag
nitude as in BSCCO~Pb50!. This may be related to a
significant increase in disorder parameterddis ~associated
with pinning strength! due to Pb doping.30 Alternatively, this
may be related to the electromagnetic interaction betw
pancakes in weakly coupled layered superconductors; w
this interaction is taken into account,55 a similar value for the
disorder parameterddis may be used for BSCCO~Pb50! as
for BSCCO~Pb50.4! to obtain a value of 200 G forBon(T
50) in BSCCO~Pb50!.

V. SUMMARY AND CONCLUSIONS

TheB-T phase diagram of Pb-doped and Pb-free BSC
has been measured and it was found that doping dramatic
changes the characteristic fields. For the undoped cryst
second magnetization peak in the temperature inte
20–26 K was observed while the doped sample exhibite
second peak over the entire temperature range, 15–92
Furthermore, the irreversibility field increases by an order
magnitude in the doped sample as compared to the undo
crystal over the entire temperature range. The overallB-T
properties of the Pb-doped sample approaches those
deoxygenated YBCO. Using a recently proposed scaling
pression, the anisotropy valuesg [BSCCO(Pb50)]5270620,
g [BSCCO(Pb50.4)]56865, andg [YBCO(0.5)]54565, were de-
termined.

Based on these anisotropy values our data show that
relation B2D5F0 /s2g2 is not appropriate to describe th
position of the second peak, showing that the second pea
not due to a 3D-2D decoupling. Instead we find thatBpeak
}g22 is an excellent description of the behavior for the tw
YBCO and the doped BSCCO crystals in complete agr
ment with the elastic-to-plastic creep crossover scena
which is also evident from our independent relaxation m
surements.

In addition, theBon field is shown to be an onset of th
vortex entanglement transition. An excellent fit of the expe
mental Bon(T) data was found, with three basic regime
Lc,s,L0 for T,48 K, s,Lc,L0 for 48,T,66 K, and
s,L0,Lc for T.66 K.
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25D. Ertaşand D.R. Nelson, Physica C272, 79 ~1996!.
26T. Giamarchi and P. Le Doussal, Phys. Rev. B55, 6577~1997!; J.

Kierfeld, Physica C300, 171 ~1998!; T. Giamarchi and P. Le
Doussal, Phys. Rev. Lett.72, 1530 ~1994!; J. Kierfeld, T. Nat-
termann, and T. Hwa, Phys. Rev. B55, 626 ~1997!.

27S. Ooi, T. Tamegai, and T. Shibauchi, J. Low Temp. Phys.105,
1011 ~1996!.

28G. Blatter, M.V. Feigel’man, V.B. Geshkenbein, A.I. Larkin, an
V.M. Vinokur, Rev. Mod. Phys.66, 1125~1994!.
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