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The magnetic vortex phase diagram of Bi1.6Pb0.4Sr2CaCu2 O8⫹ ␦ 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. Anisotropy was determined using a recently proposed scaling expression, which relates the anisotropy to the irreversibility line. Based on the obtained anisotropy an excellent fit of the experimental B on (T) data to the model
of disorder-induced transition was found for three basic regimes: L c ⬍s⬍L 0 for T⬍48 K, s⬍L c ⬍L 0 for 48
⬍T⬍66 K, and s⬍L 0 ⬍L c for T⬎66 K, where s, L 0 , and L c 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

The magnetic phase diagram associated with the magnetic
vortex matter states in high-temperature superconductors
共HTS’s兲 is a topic of extensive theoretical and experimental
research. Recently, a great deal of effort has been focused on
highly anisotropic Bi2 Sr2 CaCu2 O8⫹ ␦ 共BSCCO兲, revealing a
rich phase diagram. Neutron-scattering1 and muon spin
rotation2 experiments have revealed the existence of two distinct vortex solid phases: a quasiordered lattice at low fields
and a highly disordered solid at high fields. The transition
between these two phases is manifested in magnetic measurements as a sharp increase in the magnitude of the magnetization resulting from an increase in the persistent current
density.3–8 This second peaking of the magnetization as a
function of applied field, or ‘‘fishtail,’’ was also observed in
a variety of HTS’s and low-temperature superconductor
共LTS兲 materials, such as YBa2 Cu3 O7⫺ ␦ 共YBCO兲,9–11
Nd1.85Ce0.15CuO4⫺ ␦
共NCCO兲,12
(La1⫺x Srx ) 2 CuO4
13
共LSCO兲, Tl-based compounds 共TBCCO兲,14–16 Hg-based
compounds 共HBCO兲,15,17 CeRu2 ,18 NbSe2 ,19,20 and Nb.21
While the peak field of the fishtail is time dependent, and has
been shown to be consistent with a crossover from an elastic
to a plastic flux creep mechanism,10,16,17,20,22,23 the onset of
the fishtail appears to be associated with a transition between
the two solid phases at the field B on .
A recent model24–26 associates this transition with a disorder induced transition. In this model, the transition field is
determined by a competition between the vortex elastic energy E elastic and the pinning energy E pinning . Both of these
energies depend on the magnetic penetration depth  and the
coherence length  , and hence on field and temperature. At
low fields the elastic interactions govern the structure of the
vortex solid leading to the formation of a quasiordered lattice. At fields above B on , however, disorder dominates and
vortex interactions with pinning centers result in an entangled solid where cells of the vortex lattice are twisted and
dislocations proliferate. According to this approach, the line
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B on (T) is the crossing line of the two surfaces E elastic (B,T)
and E pinning (B,T). By employing this approach it is possible
to explain the details of the transition line B on (T) in several
systems,11 including BSCCO, NCCO, and YBCO, despite
the large differences in their T c values, the range of fields
and temperatures for which this anomaly is observed, and the
pronounced difference in the temperature dependence of B on
in these systems.
Another parameter, which plays an important role in determining the elastic and the pinning energies, is the anisotropy ␥ . It is expected that by controlling the anisotropy, B on
will be affected. Indeed, as shown by Khaykovich et al.7 and
Ooi, Tamegai, and Shibauchi,27 the transition line B on (T) for
BSCCO, underdoped or overdoped with oxygen, is markedly
different from the line measured for optimally doped
BSCCO. While the latter persists only up to 40 K, showing
no temperature dependence in this range, in the overdoped
and underdoped samples B on persists up to the vicinity of
T c , exhibiting a decrease to zero close to this temperature.
Though the details of B on (T) in these samples have not been
analyzed, it is clear that these results are qualitatively consistent with the predictions of the model described above.
In this work Pb doping is used to reduce the anisotropy of
BSCCO.29,30 Measurements of local magnetization are used
to construct the magnetic phase diagram for this system.
The anisotropy ␥ is estimated using the empirical equation
introduced by Kitazawa et al.,31 which relates the anisotropy
to the measured irreversibility line at low temperatures. In
Pb-doped BSCCO the onset field B on , separating the two
vortex solid phases, exhibits an unusual nonmonotonous
temperature dependence with three distinct regimes. The estimated value of ␥ is used in a self-consistent calculation of
B on (T) within the framework of the disorder-induced transition scenario. The effect of ␥ on both E pinning and E elastic is
shown to be the main factor responsible for the different
temperature dependences of B on in pure and Pb-doped
BSCCO.
4058
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II. EXPERIMENT

Single crystals were prepared by mixing powders of
Bi2 O3 , PbO, CuO, CaCO3 , and SrCO3 .32 The starting composition of the powders corresponds to an excess of Ca, Cu,
and Pb with respect to the final compound
(Bi,Pb) 2 Sr2 CaCu2 O8⫹ ␦ . 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
flux at a rate of 1 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 determined by the thermal inertia of the furnace. During this slow
cooling we expect that the oxygen concentration becomes
uniform and reaches equilibrium via diffusion.
At room temperature the solidified flux consists of several
crystalline species, where the Bi2⫺x Pbx Sr2 CaCu2 O8⫹ ␦ single
crystals are easily identified by their platelet shape and shiny
appearance. The cation concentrations in these crystals were
measured using an electron microprobe of 1 m diameter,
and found to be consistent with the 2:2:1:2 phase. Moreover,
these measurements show that maximum solubility of Pb
corresponds to the formula Bi1.6Pb0.4Sr2 CaCu2 O8⫹ ␦
关BSCCO 共Pb⫽0.4兲兴. In this work Pb-free crystals, BSCCO
共Pb⫽0兲, and maximally doped crystals, BSCCO 共Pb⫽0.4兲,
were chosen for the further investigations. Two single
crystals, carefully selected from the batches, were cut with a
wire saw to the dimensions 210⫻780⫻25  m3 关BSCCO
共Pb⫽0.4兲兴, and 220⫻940⫻15  m3 关BSCCO 共Pb⫽0兲兴.
In the low-field limit the BSCCO 共Pb⫽0.4兲 sample has
T c ⫽95 K with ⌬T c ⫽4 K, and the undoped BSCCO crystal
has T c ⫽90 K with ⌬T c ⫽10 K. The T c values of these
crystals indicate that their oxygen content is close to
optimum.33
The magnetic measurements were performed using the
micro-Hall probe technique. An array consisting of n⫽11
GaAs/AlGaAs Hall sensors each with a 10⫻10-  m2 active
area and a 10-  m separation, allowed the measurement of
spatial dependent profiles of the normal component of the
magnetic induction B z (x n )⫽B n at the sample surface.34 The
field sensitivity with this technique is better then 0.1 G and
fields up to 5 T can be detected. One of the probes is used to
measure the external field by mounting the sample directly
onto the array so that this probe is located outside the sample
edge. The field is always applied perpendicular to the sample
platelet which is parallel to the crystallographic c axis.
III. RESULTS

Hall-probe data can be conveniently analyzed by considering the difference between probe signals, ⌬B n ⫽B n
⫺B n ⬘ , where the probe n ⬘ serves as reference. In some
cases the reference signal is found by averaging the signal
from two probes. Hysteresis loops are formed as ⌬B n is
measured as a function of the applied field B a . These hysteresis loops strongly resemble loops obtained from conventional magnetometry so it is customary to denote Hall probe
data as local magnetization. This terminology will also be
used here, although we are fully aware that local magnetization in the perpendicular field geometry is a different
quantity.35,36

FIG. 1. Magnetization loops m⫽B 4 ⫺B 8,9 plotted against the
local induction B 4 , for the BSCCO 共Pb⫽0.4兲 crystal at 84, 88, and
92 K.

Figure 1 shows typical magnetization loops m⫽B 4
⫺B8,9, measured for the Pb-doped sample, plotted against the
local induction B 4 . Probe 4 is located close to the sample
center, whereas B 8,9 is the average signal of probes 8 and 9
which are located close to the neutral line position.37 At the
neutral line B is approximately equal to the applied field B a .
The three loops in Fig. 1 were obtained at 84, 88, and 92 K
illustrating the particular temperature dependence of the
magnetization in this temperature range near T c . The sample
exhibits a distinct second peak, i.e., a strong increase in the
magnitude of the magnetization in an intermediate field
range. Experimentally one may define three characteristic
fields which are indicated in the figure. The lowest of these is
B on denoting the onset field of the second peak while the
peak maximum occurs at B peak . The irreversibility field B irr
denotes the field where the B(B a ) loop width is reduced to
zero, i.e., below the noise level. The temperature dependence
of these characteristic fields forms a phase diagram in the
B-T plane.
The phase diagram obtained for the Pb-doped sample in
the temperature range 15–92 K is presented in Fig. 2. All the
fields B on , B peak , and B irr are found to exist over this whole
temperature interval. Between 25 and 70 K the value of B on
is approximately constant and then decreases rapidly together with the other characteristic fields as T approaches
T c . Below 25 K, B on rapidly approaches the value of B peak .
This occurs because the magnitude of the full penetration
field becomes comparable to the characteristic field of the
second peak, eventually masking the fishtail effect at the
lower temperatures.
The magnetic behavior of the BSCCO 共Pb⫽0兲 crystal was
investigated from 15 K and up to T c . In this interval the
second peak was observed only in a small temperature range
between 20 and 30 K consistent with other reports,7 how-
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FIG. 2. Magnetic phase diagram defined by the fields B on ,
B peak , and B irr , determined for the BSCCO 共Pb⫽0.4兲 sample.

ever, the irreversibility field B irr could be measured over the
whole interval up to T c . The values of B irr and B peak in the
undoped sample are both an order of magnitude smaller than
in the doped sample, while the values of B on are comparable
关in BSCCO 共Pb⫽0兲, B on ⬃200 G, independent of temperature兴. In addition, the second peak is generally sharper in the
undoped sample than in the Pb-doped sample. Whereas the
ratio B peak /B on is close to 2 in BSCCO 共Pb⫽0兲, it is on the
order of 10 for the BSCCO 共Pb⫽0.4兲 sample at the same
temperature.
In order to investigate the dynamic behavior of the second
peak, relaxation measurements were performed on the
BSCCO 共Pb⫽0.4兲 crystal. The initial state was prepared by
zero-field cooling and subsequently applying a constant field
B a . The induction at each probe was then measured as a
function of time. From the time-dependent induction profiles
obtained with the probe array, the persistent current J was
determined by a fitting procedure described elsewhere.38 Figure 3 shows the relaxation of J with time at various B a at
30 K. The upper J(B a ) curve is obtained at t⫽8 seconds,
where t⫽0 corresponds to the time when B a is established.
This curve displays a distinct second peak centered at 2.4
kG. As time evolves the peak in J(B a ) is seen to gradually
shift toward lower fields eventually reaching 1.9 kG, as seen
in the lower curve of Fig. 3, at 650 sec. The relaxation behavior is different on the two sides of the peak, with the
relaxation rate increasing with B a up to the peak at B peak and
then the rate appearing essentially field independent above
the peak.
The current density dependence of the local flux creep
activation energy, U(J), can be found using a recently developed method.39 The analysis is based on the calculation of
the flux current density D defined as
D 共 x,t 兲 ⫽⫺

冕
x

0

B z 共 x ⬘ ,t 兲
dx ⬘ .
t
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FIG. 3. Persistent current J for the BSCCO 共Pb⫽0.4兲 crystal as
a function of field and time at T⫽30 K. Arrow indicates time evolution. The earliest time corresponds to t⫽8 sec while the longest
time is t⫽650 sec.

冉

冊

U
cD
,
⫽⫺ln
kT
 0 ABJ

共2兲

where  is the viscosity coefficient,40 A⬇1 is a numerical
factor,  0 is the flux quantum, and c the speed of light.
Figure 4 shows the relaxation behavior of U near the
sample center as a function of J for various applied fields at
30 K. There is a distinct crossover in the slope of U versus J
as B a is increased beyond the second peak maximum at
2.4 kG. It is also clear from Fig. 4 that for constant current
density J the activation energy U is growing with B a for
B a ⬍B peak , and U is decreasing with B a for B a ⬎B peak .
In Fig. 5, U is plotted as a function of time for the same
B a values presented in Fig. 4. Note that U is approximately
linear with the logarithm of the time, in agreement with the
logarithmic solution41,42

共1兲

Here x⫽0 corresponds to the sample center where D⫽0.
Knowing D(x,t), then U(x,t) can be found using the relation

FIG. 4. Barrier energy U as a function of current density J at
T⫽30 K for different applied fields during relaxation. Arrows indicate time evolution.
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FIG. 5. Temporal development of U at T⫽30 K for different
applied fields B a ⫽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⫽kT ln共 t/t 0 兲 .

共3兲

In this equation the time scale t 0 in the logarithmic term is
proportional to 1/关 B a (  U/  j) 兴 , implying that U is only
weakly dependent on the applied field B a , in agreement with
the experimental data of Fig. 5.
IV. DISCUSSION

The results of several studies support the conclusion that
increasing lead content in Bi2⫺x Pbx Sr2 CaCu2 O8⫹ ␦ will dramatically reduce the anisotropy ␥ .29,30 Régi et al.43 showed
that after Pb doping the normal-state resistivity along the c
axis decreases by two orders of magnitude near T c . 29 In
contrast to this, these studies found that the resistivity in the
ab plane is hardly changed. Other investigations show that
the c-axis critical current density is also increased by Pb
doping.43 The Josephson coupling energy, which is related to
the interlayer coupling strength, was measured to be a factor
of 3.5 higher in a maximally doped BSCCO 共Pb⫽0.4兲
sample.44 These results all indicate that ␥ decreases significantly with increasing Pb doping up to the saturation level of
BSCCO 共Pb⫽0.4兲.
Based on studies of deoxygenated YBCO, a scaling relation between ␥ 2 and B irr has been suggested.45 There is further evidence that this relation may be universally valid for
all high-temperature superconducting materials.31 By comparing B irr for BSCCO, LSCO, and YBCO, Kitazawa et al.
extracted the scaling law
B irr ⬇3.34⫻107 ␥ ⫺2  1.13,
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FIG. 6. B irr data of all four crystals as functions of reduced
temperature. Shown as full lines are fits by Eq. 共3兲 resulting in the
indicated values for ␥ .

␥ ⫽270⫾20, BSCCO 共Pb⫽0.4兲 ␥ ⫽68⫾5, YBCO ( ␦ ⫽0.5)
␥ ⫽45⫾5, YBCO ( ␦ ⫽1) ␥ ⫽12⫾2. Provided that the scaling law 共4兲 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 deoxygenating YBCO from the other.
We discuss now the possibility that the second peak is
formed due to a vortex matter crossover from threedimensional 共3D兲 flux-line lattice to a 2D flux structure, as
proposed by several authors.14,31 The predicted crossover
field for the 3D-2D transition is given by
B 2D ⫽⌽ 0 /s 2 ␥ 2 ,

共5兲

where s is the interlayer spacing.47 Between the Pb-doped
BSCCO and the deoxygenated YBCO crystals we have a
pair of samples, BSCCO 共Pb⫽0.4兲 and YBCO ( ␦ ⫽0.5),
with very different interlayer spacing but similar anisotropy
providing the opportunity to compare the B peak with the prediction for B 2D over a large temperature range.
Figure 7 shows a plot of the B peak fields of both YBCO
crystals, the ‘‘pure’’ BSCCO and the Pb-doped BSCCO
crystals. Using s⫽0.43 nm for YBCO and s⫽1.54 nm for

共4兲

where  ⫽1⫺T/T c is the reduced temperature and B irr is in
Gauss. This empirical relation is used here to fit ␥ to our B irr
data in the range  ⬎0.6 共see Fig. 7兲. Also shown in Fig. 6
are data obtained for deoxygenated46 and optimally oxygendoped YBCO.11 For all four crystals the empirical law gives
an excellent description of the behavior in the entire temperature range. Fitting the data of Fig. 6 using Eq. 共4兲, the
following anisotropy values are determined: BSCCO 共Pb⫽0兲

FIG. 7. B peak of all four crystals as functions of reduced temperature.
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where ⑀ 0 ⫽(⌽ 0 /4 ) 2 is the vortex tension. For a constant
time window t, determined by the experimental technique,
Eq. 共6兲 yields
B p ⬀ ␥ ⫺2 .

FIG. 8. Plots of ␥ 2 B peak versus reduced temperature for the four
crystals.

BSCCO together with the ␥ values found by the above empirical method, very little correlation is found between the
values of B peak and B 2D . As an example, using Eq. 共5兲 for
YBCO ( ␦ ⫽0.5) a value of B 2D ⫽50 kG is estimated and for
BSCCO 共Pb⫽0.4兲 B 2D ⫽1.8 kG, but the graph shows peak
fields for these two samples much closer in value. This leads
to the conclusion that the 3D-2D decoupling mechanism is
not responsible for the second peak.48
The results, in fact, suggest another relation for B peak
independent of s, i.e., B peak ⬀ ␥ ⫺2 . This is supported by the
graphs shown in Fig. 8, where ␥ 2 B peak is plotted against the
reduced temperature for all four crystals. The four curves
deviate by less than a factor of two over a wide temperature
range,  ⫽0.4– 0.8. Hence both the irreversibility field and
the second peak fields seem to be governed by the anisotropy.
An analysis of the relaxation data shows that the peak
field is moving with time to lower values 共see Fig. 3兲. This
points to a dynamic origin of the peak, which is further
strengthened by the shape of the U(J) curve as a function of
field. The slope  U/  J is different before and after the peak,
which is consistent with a different relaxation process in either of the two field ranges.10 In the dynamic model the peak
is formed as the relaxation speeds up after the peak field is
reached, thus decreasing J(t). The dynamic picture is also
consistent with results by Yeshurun et al.6 and by Tamegai
et al.49 showing a clear time dependence of the second peak
in BSCCO. Both studies show that the peak is virtually absent when the loops are measured on a short time scale while
the peak gradually appears as the time scale is expanded. As
pointed out in the previous section, the activation energy
grows with B below the second peak and decreases after the
peak. This crossover in the field dependence indicates an
elastic-to-plastic creep crossover around the peak-field similar 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 of
the elastic-to-plastic creep crossover scenario for the fact that
B peak ⬀ ␥ ⫺2 . To roughly estimate the crossover field and
equate the values of the elastic and plastic pinning barriers,10
the following relation can be used:

⑀0
␥ 冑B p

⬃kT ln共 t/t 0 兲 ,

共6兲

共7兲

An important feature in the magnetization curves of Fig. 1
is the onset-field B on of the anomalous second peak in the
magnetization curve. The field B on is plotted in Fig. 2 for the
BSCCO 共Pb⫽0.4兲 crystal. Consistent with recent experimental work11,12 it is shown below that the line B on (T) separates
two solid vortex phases. The theoretical basis for this claim
is as follows. The vortex phase diagram is determined by the
interplay between three energy scales: the vortex elastic energy E elastic , the energy of thermal fluctuations E thermal ,
and the pinning energy E pinning . The competition between
the first two determines the melting line34,50 while the competition between the last two determines the irreversibility
line, i.e., the line B on (T) is the intersection of E elastic (B,T)
and E pinning (B,T) surfaces. Most relevant to the present
work is the competition between the elastic energy and the
pinning energy: at low fields the elastic interactions govern
the structure of the vortex solid, forming a quasiordered lattice. Above B on , however, disorder dominates and vortex
interactions with pinning centers resulting in an entangled
solid where cells of the vortex lattice are twisted and dislocations proliferate.
The elastic energy near the solid-entanglement transition,
is given by24,25
E elastic ⫽ ⑀ 0 c L2 a 0 / ␥ ,

共8兲

where a 0 ⫽(⌽ 0 /B) 1/2 is the intervortex spacing and c L
⬇0.1 – 0.4 is the Lindemann number. In order to equate
E pinning with E elastic it is important to take into account
three possible regimes for the pinning energy. These regimes
are defined by the three length scales in the problem: the
interlayer spacing s, the characteristic size of the longitudinal
fluctuations in a cage L 0 ⯝2a 0 / ␥ , see also Ref. 51, and the
size of a coherently pinned segment of the vortex. The Larkin length is given by L c ⫽ 关 ⑀ 20  2 /( ␥ 4 ␦ dis ) 兴 1/3, where ␦ dis the
disorder parameter, and  ,  are the coherence length and
the penetration depth, respectively. For a 2D case (L c ⬍s
⬍L 0 ),24 E pinning becomes
E pinning ⯝U p 共 L 0 /s 兲 1/5.
24,25

For a 3D case (s⬍L c ),

共9兲

if (L c ⬍L 0 ), it becomes

E pinning ⯝U dp 共 L 0 /L c 兲 1/5,

共10兲

whereas for the case s⬍L 0 ⬍L c , 24
E pinning ⯝ 冑␦ dis L 0 ,

共11兲

where U p ⫽  冑␦ dis s is one pancake pinning energy and
U dp ⫽( ␦ dis ⑀ 0  4 / ␥ 2 ) 1/3 the single vortex depinning energy.
The equation
E elastic 共 B,T 兲 ⫽E pinning 共 B,T 兲

共12兲

yields the temperature dependence of the onset of the phase
transition B on (T) in each of these three regimes.
The curve B on (T) for BSCCO 共Pb⫽0.4兲 is identified by
the open squares in Fig. 2. We consider now the B on (T)
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FIG. 9. Second peak onset field B on versus temperature for the
BSCCO 共Pb⫽0.4兲 crystal 共circles兲 shown together with a theoretical curve E elastic ⫽E pinning for different pinning regimes 共solid
lines兲.

dependence in the temperature range 25⬍T⬍T c , where it is
not influenced by the interference with the ‘‘first peak’’ 共see
previous section兲. The line B on (T) is composed of three regimes: 共i兲 B on initially decreases with T; 共ii兲 B on then
slightly increases with T, exhibiting a maximum; and finally
共iii兲 B on decreases again up to T c . It can be shown that these
three regimes are directly related to the three E pinning regimes outlined above. First note that L 0 is temperature independent and, for fields of order B on 共several hundred Gauss兲,
L 0 is larger than the interlayer spacing s⫽1.54 nm. 共For
example, for B⫽300 G, L 0 ⬇7.6 nm.兲 Inserting the value of
the anisotropy obtained above ( ␥ ⫽68), and reasonable values for  (1 – 10 nm兲 and  (100– 200 nm兲, it follows that
L c Ⰶ1 nm at low temperatures. It is therefore possible to
conclude that at low temperatures we are in the limit of 2D
pinning. Then, substituting Eqs. 共9兲 and 共8兲 into Eq. 共12兲 one
obtains52
B on 共 T 兲 ⬀  ⫺5/2⫽B on 共 0 兲关 1⫺ 共 T/T c 兲 4 兴 5/4.

共13兲

The fit of this expression to the experimental data for 25
⬍T⬍48 K is shown in Fig. 9. Around 48 K, B on starts
increasing with temperature. For none of the parameters in
Eq. 共9兲 can the temperature dependence change in such a
way that B on will start increasing. It therefore seems reasonable to conclude that at around 48 K there is a crossover to a
regime where L c exceeds the value of s. A mechanism which
may explain such an abrupt increase in L c is the temperature
smearing of the pinning when the transverse thermal fluctuations of the flux lines become larger than  . This occurs at
the single vortex depinning temperature.28 Our experimental
results suggest that for BSCCO 共Pb⫽0.4兲, T dp ⬇48 K.
Above this temperature the Larkin pinning length starts
growing exponentially as given by25,28
L c →L c 共 T dp /T 兲 exp关共 T/T dp 兲 3 ⫺1 兴

共14兲

as a result of a thermal smearing of the quenched disorder.
Indeed, our calculations show that in the vicinity of T⬇48 K,
L c ⯝1 nm and becomes of order s. This growth causes a
crossover to a regime where s⬍L c ⬍L 0 and B on (T) is then
determined by substituting Eqs. 共8兲 and 共10兲 into Eq. 共12兲. A
fit of B on (T) in the temperature range 48⬍T⬍66 K yields
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the line described in Fig. 9. In this regime B on is predicted to
increase with temperature. The decrease of B on with temperature above T⬇66 K implies that at this temperature L c
exceeds the value of L 0 . Indeed, our calculations show that
in the vicinity of 66 K, L c ⬇L 0 ⬇5 nm, implying the validity
of Eq. 共11兲 for E pinning . A fit of the B on data for T⬎66 K,
based on Eq. 共11兲, is also shown in Fig. 9.
Finally we note that in the case of ‘‘pure’’ BSCCO 共Pb
⫽0兲, B on (T) is approximately constant, in agreement with
previous reports.7,11,12 This constant value is a result of the
fact that B on in this material is found only at low temperatures 共i.e., TⰆT c ) where the superconducting parameters are
almost temperature independent. The onset field and the
anomalous second peak disappear all together at higher temperatures, because the thermal energy starts to dominate the
elastic and the pinning energies.
We also note that in the model of disorder-induced transition B on at T⫽0 must strongly depend on ␥ .24,25 Nevertheless in BSCCO 共Pb⫽0.4兲 its value is the same order of magnitude as in BSCCO 共Pb⫽0兲. This may be related to a
significant increase in disorder parameter ␦ dis 共associated
with pinning strength兲 due to Pb doping.30 Alternatively, this
may be related to the electromagnetic interaction between
pancakes in weakly coupled layered superconductors; when
this interaction is taken into account,55 a similar value for the
disorder parameter ␦ dis may be used for BSCCO 共Pb⫽0兲 as
for BSCCO 共Pb⫽0.4兲 to obtain a value of 200 G for B on (T
⫽0) in BSCCO 共Pb⫽0兲.

V. SUMMARY AND CONCLUSIONS

The B-T phase diagram of Pb-doped and Pb-free BSCCO
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.
Furthermore, the irreversibility field increases by an order of
magnitude in the doped sample as compared to the undoped
crystal over the entire temperature range. The overall B-T
properties of the Pb-doped sample approaches those of
deoxygenated YBCO. Using a recently proposed scaling expression, the anisotropy values ␥ [BSCCO( Pb⫽0)] ⫽270⫾20,
␥ [BSCCO( Pb⫽0.4)] ⫽68⫾5, and ␥ [Y BCO(0.5)] ⫽45⫾5, were determined.
Based on these anisotropy values our data show that the
relation B 2D ⫽⌽ 0 /s 2 ␥ 2 is not appropriate to describe the
position of the second peak, showing that the second peak is
not due to a 3D-2D decoupling. Instead we find that B peak
⬀ ␥ ⫺2 is an excellent description of the behavior for the two
YBCO and the doped BSCCO crystals in complete agreement with the elastic-to-plastic creep crossover scenario,
which is also evident from our independent relaxation measurements.
In addition, the B on field is shown to be an onset of the
vortex entanglement transition. An excellent fit of the experimental B on (T) data was found, with three basic regimes:
L c ⬍s⬍L 0 for T⬍48 K, s⬍L c ⬍L 0 for 48⬍T⬍66 K, and
s⬍L 0 ⬍L c for T⬎66 K.
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