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Order-disorder transition in Bi 2.1Sr1.9CaCu2O8¿d single crystals doped with Fe and Pb
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The magnetic fieldHdis(T) where an order-disorder transition of the vortex lattice in high-Tc superconduct-
ors occurs, is investigated by measurements of the magnetizationM (H) in Bi2.1Sr1.9CaCu2O81d ~Bi2212!
single crystals doped with iron and lead. Comparative studies are made of the temperature dependences of the
field Hpeak(T), where the second peak occurs inuM (H)u, and the fieldsHmin(T), and H infl(T) where a
minimum and an inflection point occur at the low-field side of this peak. It is proposed thatHdis(T) lies close
to H infl . In Bi2.1Sr1.9Ca1.0(Cu12yFey)2O81d single crystals with Fe concentrationy50, 0.005, 0.016, and
0.022, a pronounced peak in the derivativeudM/dHu is observed, whose positionH infl(T) is independent of
temperatureT. We relate this peak to the fieldHdis(T), which separates a weakly elastically disordered vortex
lattice from a plastically disordered vortex solid. In heavily Pb-doped single Bi2212 crystals,H infl(T) decreases
with increasingT. For the same crystals, a minimum in the normalized relaxation rateS(H) is observed at
H infl , indicating two different flux-creep mechanisms above and below that field and two different solid vortex
phases. It is argued that the negative slope ofHdis(T) in heavily-Pb-doped Bi2212 crystals is related to the
enhancedc axis conductivity caused by the Pb sitting between the CuO2 layers and causing three-dimensional
vortex lines, while in Fe-doped Bi2212 crystals the Fe ions sit on the CuO2 planes and thus do not enhance the
coupling between pancake vortices.

DOI: 10.1103/PhysRevB.65.224501 PACS number~s!: 74.72.Bk, 74.60.Ge
e
rt
ur
an

ed

ui
he
s t
k

s
s

fie
n

o

th

th

-

er

le
h

on

at
n-

ped
g

is
fact

p in
de-
nge

elf-
ed

ed
on-

.95
I. INTRODUCTION

It is well established that the phase diagram of the mix
state of superconductors is characterized by various vo
phases depending on the magnetic field and temperat1

Due to the large anisotropy, short coherence length,
higher operating temperature of high-Tc superconductors
~HTSC’s!, the melting lines in HTSC materials are observ
well below the upper critical fieldHc2, separating two dis-
tinct vortex phases: the vortex solid phase and vortex liq
phase.2 In the vortex solid phase, the presence of quenc
disorder and its interplay with thermal fluctuations appear
cause two distinctly resolved vortex solid phases: a wea
~elastically! disordered quasilattice~called the Bragg glass!
and a highly~plastically! disordered solid phase~entangled
solid!.2–7 A steep change in the magnetization at a fieldH infl
on the low-field side of the second peak of the hystere
loop of YBa2Cu3O72d, where an inflection point occurs, ha
been reported by Gilleret al.8 The order-disorder transition
of the vortex lattice has been proposed to occur near the
H infl .2,8 Some authors assume that the order-disorder tra
tion occurs at the second peak fieldHpeak or the fieldHmin
where the magnetization has a minimum before the sec
peak rises.9,10 In this paper we shall callHdis(T) the field
where the order-disorder transition occurs and assume
Hdis coincides withH infl .

For less anisotropic HTSC materials such as Y123,
order-disorder transition fieldHdis(T) is observed up to the
critical temperatureTc , whereas for highly anisotropic ma
terials such as Bi2.1Sr1.9CaCu2O81d ~Bi2212! single crystals,
Hdis(T) is reported up toT540 K.1,2,4,11Above 40 K, two
vortex phases are separated by a melting line: the ord
0163-1829/2002/65~22!/224501~7!/$20.00 65 2245
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vortex solid and vortex liquid@or two-dimensional~2D! pan-
cake gas# states have been reported in Bi2212 sing
crystals.1 The values ofHdis(T) are reported to change wit
the type of defects.2,9

In this paper, we study the effects of Pb and Fe doping
the three characteristic fieldsH infl'Hdis(T), Hpeak(T), and
Hmin(T) of Bi2212 single crystals. We shall show th
Hdis(T) is independent of temperature in pure and iro
doped Bi2212 single crystals, whereas in heavily-Pb-do
single crystals we find thatHdis(T) decreases with increasin
temperature. The decrease ofHdis(T) with increasing tem-
perature in the heavily-Pb-doped Bi2212 single crystals
the main message of this paper. We will also discuss the
that defects positioned in the CuO2 planes do not affect the
appearance of the second peak of the hysteresis loo
Bi2212 single crystals, whereas defects introduced by
creasing the anisotropy in the same crystals strongly cha
the appearance of the second peak.

II. EXPERIMENTAL PROCEDURES

The lead-doped Bi2212 crystals were grown by the s
flux method, and the nominal Pb content in the lead-dop
Bi22xPbxSr2CaCu2O8 crystals wasx50.34.12 The dimension
of the Pb-doped single crystal was 0.7131.11
30.038 mm3. The iron-doped single crystals were prepar
by using the floating zone method and the nominal iron c
tent in the Bi2.1Sr1.9Ca1.0(Cu12yFey)2O8 single crystals was
y50, 0.005, 0.016, and 0.022.13 The dimensions of they
50, 0.005, 0.016, and 0.022 single crystals were 1
32.1030.116 mm3, 1.332.530.15 mm3, 1.432.10
30.026 mm3, and 1.2531.9030.045 mm3, respectively.
©2002 The American Physical Society01-1
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K. K. UPRETY et al. PHYSICAL REVIEW B 65 224501
The critical temperatures of the crystals were obtained fr
measurements of the magnetic ac susceptibility, with the
quency and amplitude of the excitation field at 117 Hz a
0.1 Oe, respectively. Magnetic hysteresis loops and magn
relaxation measurements were performed using an Ox
Instruments vibrating-sample magnetometer~VSM! with ap-
plied field parallel to thec axis of the crystals. In the hyste
esis loop measurements, the magnetic fields were chang
a rate of 20 Oe per second, and the data were recorde
different temperatures. The hysteresis loops obtained f
the magnetometer were used to calculate the critical cur
densityJc using the Bean relation. The equilibrium magn
tization Meq was obtained asMeq5(M 21M 1)/2, where
M 2 and M 1 are the branches of the hysteresis loop cor
sponding to decreasing and increasing applied field, res
tively, andJc was assumed to be proportional to the irreve
ible partM irr5uM2Mequ.

In the magnetic relaxation measurements, the crys
were first zero-field-cooled from aboveTc to the desired
temperatureT. A magnetic fieldH larger than the field used
in the relaxation measurements by several times the fiel
full penetration was applied. The field was then lowered
the measuring field, and the magnetic moment as a func
of time was measured. This procedure ensured appr
mately a linear flux profile in the crystals. The relaxati
data were recorded at different fields around the second p
of the hysteresis loop. The experimental points of the fi
100 s were not included because of uncertainty in the t
that passed between the establishment of the field and
measurement of the first experimental point. From our d
we calculated the normalized relaxation rateS
[d lnuMirru/d ln t. The upper critical fieldHc2 in pure and
Pb-doped single crystals was obtained from magnetiza
measurements by decreasing the temperature from abovTc
with a constant applied field parallel to thec axis.14,15

III. EXPERIMENTAL RESULTS

Figure 1 shows hysteresis loops for a heavily-Pb-do
Bi2212 single crystal. The second peaks in the heavily-
doped single crystal are clearly seen at all temperatures u
Tc . This crystal had aTc569 K. The hysteresis loops fo
Bi2212 single crystals with iron contenty50, 0.005, 0.016,
and 0.022 at 24 K are shown in Fig. 2. Here,y50 is a pure
Bi2212 single crystal. They50, 0.005, 0.016, and 0.02
crystals hadTc588.5, 82.25, 73, and 65.5 K, respective
The insets of Fig. 2 show hysteresis loops of these crysta
20 K and 40 K. At or below 20 K, the second peaks are
clearly seen in Bi2212 single crystals withy50, 0.005,
0.016, and 0.022, but above 20 K such peaks appear.
zero-field critical current densities atT/Tc50.3 for y50,
0.005, 0.016, and 0.022 single crystals are, respectively,
3104 A/cm2, 1.73104 A/cm2, 2.53104 A/cm2, and 3.5
3104 A/cm2, whereas in heavily-Pb-doped single crysta
the zero-field critical current density is 7.913104 A/cm2 at
T/Tc50.3. Detailed results of the field dependence of
critical current density in Bi2212 crystals withy50, 0.005,
0.016, and 0.022 were presented by Upretyet al.,16 where a
strong field dependence of the critical current density w
22450
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observed. However, in heavily-Pb-doped single crystals,
critical current density was weakly field dependent.17

Figures 3 and 4 show the derivativedM/dH as a function
of the applied fieldH for pure (y50) and heavily-Pb-doped
single crystals. The peak indM/dH occurs at a fieldH
5H infl(T), i.e., at an inflection point of the second peak
the hysteresis loop, which we interpret asHdis. The inset in
Fig. 3 shows the same results for an iron-doped (y50.016)
single crystal.H infl(T) in pure and iron-doped Bi2212 singl
crystals is independent of temperature~Figs. 3 and 6!. How-

FIG. 1. The measured magnetization loops for a heavily-le
doped Bi2212 single crystal at temperaturesT520 K, 25 K, 30 K,
35 K, 40 K, 45 K, 50 K, 55 K, and 60 K.

FIG. 2. The magnetic hysteresis curves f
Bi2.1Sr1.9Ca1.0(Cu12yFey)2O81d single crystals with Fe concentra
tion y50, 0.005, 0.016, and 0.022 atT524 K. The insets show
hysteresis loops atT520 K ~right! and T540 K ~left! for the
same materials.
1-2
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ORDER-DISORDER TRANSITION IN . . . PHYSICAL REVIEW B65 224501
ever, in heavily Pb doped single crystals,H infl(T) decreases
with temperature~see Figs. 4 and 6!. Figure 3 also shows an
increase ofHmin(T) with T in pure and iron-doped Bi2212
single crystals. In contrast,Hmin(T) in heavily-Pb-doped
Bi2212 single crystals decreases withT ~see Fig. 4!.

Results of magnetic relaxation measurements for
doped single crystals are presented in Fig. 5. The relaxa
data were recorded at various fields around the second

FIG. 3. The derivativedM/dH as a function of applied mag
netic field H for Bi2.1Sr1.9Ca1.0(Cu12yFey)2O81d single crystals
with zero Fe concentration (y50). The inset showsdM/dH vs H
for y50.016.

FIG. 4. The derivativedM/dH as a function of applied mag
netic fieldH for heavily-Pb-doped single crystals.
22450
-
n
ak

at 35 K. Figure 5 also shows the normalized relaxation r
S. The minimum inS(H) occurs atH infl , i.e., at the order-
disorder transition field. The inset to Fig. 5 shows magne
relaxation for a pure Bi2212 single crystal. The relaxati
was recorded at various fields around the second peakT
524 K. Note that the normalized relaxation rateS(H) in
pure Bi2212 exhibits a sharp minimum atH infl .

Finally, theH-T phase diagram for the pure (y50), iron-
doped (y50.016) and heavily-Pb-doped Bi2212 single cry
tals is shown in Fig. 6. A decrease ofHmax(T) with T is seen
in all these crystals. Figure 6 also shows thatH infl(T) does
not dependent on temperature, andHmin(T) increases withT
for pure and iron-doped single crystals. However, in t
heavily-Pb-doped single crystal,H infl(T) and Hmin(T) both
decrease withT ~see Fig. 6!. The upper critical fieldHc2(T)
for the pure (y50) and heavily-Pb-doped single crystals a
also presented in Fig. 6.

IV. DISCUSSION

The pronounced second peak of the hysteresis loopM (H)
~peak effect! in the heavily-Pb-doped Bi2212 crystals of Fi
1 reflects the enhanced critical current density, which
pends nonmonotonically on the local magnetic fieldH. The
second peak appearsbelow and above20 K andpersists up
to Tc . A strong peak has been reported in Y123 single cr
tals close toTc .9 Several articles discuss the origin of th
peak effect in Y123 single crystals with various types

FIG. 5. The magnetizationM as a function of applied fieldH
measured atT535 K for a heavily-Pb-doped single Bi2212 crys
tal. The small circles show the decay of the magnetizationM with
time t ~relaxation between 100 and 3600 sec! at T535 K for this
crystal. The normalized relaxation rateS5ud ln M/d ln tu is indi-
cated by large open circles. The inset showsM (H) for pure Bi2212
single crystals measured atT524 K. The open and filled circles in
the inset show the decay ofM (H) with time and the normalized
relaxation rateS(H) for a pure Bi2212 single crystal, respectivel
1-3
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K. K. UPRETY et al. PHYSICAL REVIEW B 65 224501
defects.2–7,9,18 In heavily-Pb-doped single crystals, Moto
hashiet al. have reportedc-axis conductivity that was one
order of magnitude larger than in pure Bi2212 single cr
tals, due to a significant reduction of anisotropy in the res
tivity ( rc /rab).

19 Winkeler et al. have reported that the Jo
sephson interlayer coupling energy increases 3.5 times
heavy Pb doping in Bi2212 single crystals.20 The increased
coupling energy enhances the layer coupling in the heav
Pb-doped single crystal, which thus aligns the pancake
tices into strongly coupled stacks that behave as 3D vo
lines, similar to the vortex lines in Y123.17,10 We therefore
believe that the strong second peak in the heavily-Pb-do
single crystals originates from the enhancedc-axis conduc-
tivity. Two-phase microstructures, i.e., lead-rich and lea
poor lamellar plates were also suggested as strong pin
centers in heavily-Pb-doped single crystals,21,22 which may
cause a pronounced second peak.

The second peak in the hysteresis loop of pure and ir
doped Bi2212 single crystals is absent below 20 K~see Fig.
2!. In pure Bi2212 single crystals below 20 K the panca
vortices are suggested to beindividually pinned, since the
Larkin correlation length along thec axis Lc'(r p /
G)(J0 /Jc)

1/2'12, . . . ,16 Å isclose to the layer spacings
515 Å.23,24 Here, G is the anisotropy parameter,J0 is the
depairing current density atT50, and r p'j ~see Blatter
et al.1 and Refs. 24–26!. These vortices are said to be in th
‘‘0D pinning region.’’

An additional condition for each pancake vortex to
individually pinned is that the interplannar interaction ener

FIG. 6. The magnetic phase diagram for they50, 0.016 and
Pb-doped Bi2212 single crystal. In this figure, the field of the s
ond peakHpeak is denoted byHmax. The fieldsHmin andH infl give
the positions of the minimum and inflection point~or peak in the
derivative dM/dH) occurring at the low-field side of the secon
peak. Also shown is the upper critical fieldHc2(T) for pure (y
50) and Pb-doped single crystals.
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between the pancake vortices must be smaller than the
ning energy of individually pinned pancake vortices~see
Blatter et al.1! Below 20 K, disordered point defects can b
strong pinning centers, producing a disordered vor
structure.27 The absence of the second peak in the p
Bi2212 single crystals may be caused by these strong p
pins. Above 20 K, the Larkin correlation lengthLc grows
very fast as a result of the thermal depinning.24 At low fields
H<F0 /l2 and temperatures between 20 and 40 K, in
presence of strong point defects the vortices are in the
pinning region, where single vortex lines are pinn
individually.24 Here,l is the penetration depth andF0 is the
flux quantum. In this region, the distortion of individual vo
tices and the proliferation of long-range topological defe
in the vortex lattice are proposed as origin of the seco
peak.27,28Above 40 K, no clear peaks are observed, see a
Khaykovichet al.30

The second peaks do not become more pronounced
iron doping in Bi2212 single crystals~see Fig. 2!. As with
pure single crystal, iron-doped Bi2212 single crystals ha
peaks between 20 K and 40 K. In the iron doped sin
crystals, point defects are reported to reside in the Cu2

planes, since iron replaces Cu in the plane.29 Thec-axis con-
ductivity is not improved with Fe doping in this crystal, an
thus pancake coupling does not improve either. This furt
supports that the dimensionality of the vortices~i.e., pancake
stacks or Abrikosov flux lines! plays a dominant role in the
occurrence of a peak effect.

Next we discuss the effects of Pb and Fe doping on
three characteristic fieldsHmin , H infl'Hdis, and Hpeak of
Bi2212 single crystals. It is well known that the ratio of th
vortex pinning energy, the vortex elastic energy, and the th
mal fluctuation energy may be used to estimate the co
tions for different vortex phases to occur, namely, the vor
liquid phase, a weakly disordered quasilattice~Bragg glass!,
and a highly disordered solid phase~entangled or amorphou
solid!. The vortex liquid phase results from the competiti
between the elastic energy of the vortex lattice and the th
mal energykT. Similarly, the amorphous vortex solid phas
may be estimated form the competition between the ela
energy and the pinning energy of the vortex lattice. The
ementary pinning forces collectively interact with the elas
vortex lattice. This interaction is characterized by the size
the correlation volumeVc'(4p/3)Rc

2Lc within which the
order of the vortex lattice is established and the pinn
forces are correlated. Here the Larkin lengthsLc andRc are
the longitudinal and transverse sizes of the ellipsoid-sha
correlation volume.

In this paper we interpreted the inflection pointH infl in the
magnetization curves (uHminu,uH influ,uHmaxu) as the field
Hdis that separates the weakly disordered vortex lattice fr
the strongly disordered entangled vortex lattice. In pu
Bi2212 single crystals, we observedHdis'420 Oe indepen-
dent of temperature up toT540 K ~see Figs. 3 and 6!. An
order-disorder transition fieldHdis'380 Oe, independent o
temperature, was obtained in Hall probe measurements27,30

We suggest that the pronounced peak inudM/dHu in Fig. 3,

-

1-4
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ORDER-DISORDER TRANSITION IN . . . PHYSICAL REVIEW B65 224501
which corresponds to the steepest change of the magne
tion ~inflection point! on the low-field side of the secon
peak, may be interpreted asHdis. This definition ofHdis has
also been used with Y123 single crystals.2 The minimum
observed in the normalized relaxation rateS(H) of pure
Bi2212 crystals in Fig. 5 also indicates two different flu
creep processes in the two solid regimes: one decreasing
one increasing with increasingH. This minimum occurs at
the same field asH infl . AboveT540 K, the vortex lattice in
pure Bi2212 single crystals undergoes a first order mel
transition, where a negative slope of the melting line se
rates the vortex solid phase from the vortex liquid phase1

Recently, Avrahamet al.11 have observed a ‘‘melting
line’’ below T540 K in pure Bi2212 single crystals using
shaking technique31 that reduces the pinning-caused irreve
ibility by applying a small ac magnetic fieldperpendicularto
the applied dc field. They observed a positive slope of
‘‘melting line’’ at about T540 K and a temperature
independent ‘‘melting line’’ extending to temperatures belo
40 K, coinciding with the temperature-independent seco
magnetization peak field. The authors inferred that a fi
order transition between ordered and disordered vo
phases occurs in this experiment below 40 K. However,
second peak disappears below 20 K. This might mean
the first-order transition also disappears at 20 K, imply
thatT520 K is a critical point. But this is unlikely, becaus
the order-disorder transition involves a change in the sy
metry of the vortex structure~see also the discussion in Re
26!. It is also possible that in Bi2212 the layers decouple
this temperature, which again can mean 0D~strong! pinning
and thus may be the reason for the dissappearance o
second peak. There are indeed numerous reports sho
that 0D pinning sets in below 20 K in Bi2212 sing
crystals.1,24

As with pure Bi2212 single crystals,Hdis in iron-doped
Bi2212 single crystals was observed to beindependentof
temperature. The values ofHdis for single crystals withy
50.005, 0.016, and 0.022 were, respectively, around 350
185 Oe, and 170 Oe~see Figs. 3 and 6 for the y50.016
crystal!. However, in heavily-Pb-doped single crystals,Hdis
was found todecreasewith increasing temperature~see Fig.
6!. In our previous paper17 we have proposed that vortices
heavily-Pb-doped single crystals are of 3D nature becaus
the presence of large Josephson coupling between the
pancake vortices in adjacent layers. The observedT depen-
dence ofHdis(T) in Pb-doped single crystals thus com
from its 3D behavior. Baziljevichet al.10 for heavily-Pb-
doped Bi2212 report three regimes in the temperature de
dence of the onset fieldHmin : ~i! Hmin initially decreases
with T; ~ii ! Hmin then increases withT up to a maximum;~iii !
Hmin finally decreases again. These authors interpretedHmin
as the order-disorder transition field.10

The peak fieldHpeak in all the crystals is observed t
decrease with increasing temperature~see Fig. 6!. The mini-
mum field Hmin in the pure and iron-doped Bi2212 sing
crystals is observed to increase with increasing tempera
whereas in heavily-Pb-doped single crystals, it is observe
decrease~see Fig. 6!. The geometric and surface barriers a
reported to dominate vortex pinning at low fields.32–34 All
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our crystals were of approximately the same rectangu
shape. Therefore, the effects of these barriers should not
duce two opposite temperature dependences ofHmin in pure
or iron-doped Bi2212 single crystals and in heavily-P
doped single crystals.

According to theories, the order-disorder transition fie
Hdis(T) can both increase or decrease with increasing te
peratureT. In Refs. 3 and 4, partly confirmed by Ref. 26, it
shown that in the single-vortex pinning region@i.e., usually
at not too largeH ~see Ref. 26 for a detailed calculation o
this regime and of the bundle pinning regime!# one finds an
increasingHdis(T) for d l pinning ~caused by spatial varia
tions of the electron mean free path!, while for dTc pinning
~caused by spatial variations of the transition temperat
Tc) one has decreasingHdis(T). Namely, ford l pinning the
temperature dependence is contained inHdis(T)}j(T) and
for dTc pinning one hasHdis(T)}j(T)23, where j(T)
'j(0)@(11t2)/(12t2)#1/2 (t5T/Tc is the superconducting
coherence length in theab plane!.

We have used both these functions to fit our experime
data ofHmin , H infl , andHpeak. Pure Bi2212 single crystals
in Fig. 6 ~curvesy50) allow us to fitH infl(T) by both these
equations, with the choice ofHdis(0)5420 Oe. This indif-
ference is due to the smallT/Tc values, where the fitted
curves show almost no temperature dependence. The m
strongly T-dependentHmin(T) and Hpeak(T) do not allow a
fit by either of these formulas. A similar behavior was o
served in an iron-doped Bi2212 single crystal~curves y
50.016 in Fig. 6! with fitted Hdis(0)5180 Oe. With the
heavily-Pb-doped single crystal in Fig. 6, only thedTc pin-
ning formula fits our data, withHdis(0)5520 Oe.

A complete discussion of the competing effects ofT andB
and of various material parameters on the various phase
the flux-line lattice with pinning is given in Ref. 26. In tha
work, two Lindemann criteria are applied to both therm
and pinning-caused fluctuations of 3D superconductors,
fining the melting and order-disorder transitions, resp
tively. In this case~3D andB5H) the various boundaries in
theh-t plane (h5H/Hc2 , t5T/Tc) that separate the bundle
pinning from the single-vortex-pinning regime, the elas
cally from the plastically disordered flux-line lattices, and t
solid from the melted flux-line phases depend only on t
combinations of the material parameters, namely, the G
zburg number Gi~determining the thermal fluctuations! and
the combinationj(T)/@GLc(T)#5jc /Lc . HereLc(T) is the
Larkin pinning length~a correlation length along the flu
lines! and jc(T) is the superconducting coherence leng
along thec axis ~for this 3D theory to apply,jc5j/G should
not be smaller than the spacing of the CuO layers!. This ratio
jc /Lc may be written asDg0(t), whereg0(t) is a function
normalized to g0(0)51 and D5jc(0)/Lc(0)
'@ j c(0)/ j 0(0)#1/2 is a material parameter, wherej c(0) is the
critical current density in the single-vortex-pinning regime
T50 and j 0(0) is the depairing current atT50. If pinning
by spatially varyingTc(r ) is assumed, one hasg0(t)5(1
2t2)21/6. Heavily-Pb-doped Bi2212 crystals have a reduc
anisotropy and thus possibly may be described by this
theory.26
1-5



ys
n
n
,

ed

el
as
m

ra
ov
n
,

he
tem-

ith
gle

ian
spi-
a-
of
he
G.
2

K. K. UPRETY et al. PHYSICAL REVIEW B 65 224501
V. CONCLUSIONS

Magnetization measurements have been performed
heavily-Pb-doped Bi2212 single crystals and in single cr
tals with iron contenty50, 0.005, 0.016 and 0.022. I
heavily-Pb-doped Bi2212 single crystals, strong seco
peaks up to the critical temperatureTc have been observed
whereas in Bi2212 crystals withy50, 0.005, 0.016, and
0.022, no peaks were observed above 40 K. We observ
decrease of the order-disorder transition fieldHdis(T) ~taken
from the inflection point preceding this peak! with increasing
temperature in heavily-Pb-doped single crystals. This fi
separates two solid regimes: a weakly disordered qu
lattice from a highly disordered solid phase. The minimu
observed in the field-dependent normalized relaxation
S(H) clearly shows two different flux creep processes ab
and belowHdis, indicating two different solid phases. I
Bi2212 single crystals withy50, 0.005, 0.016, and 0.022
d

.

i,
.

h
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d

R

S
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ev
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Hdis was found to be field independent. In all crystals, t
second peaks were observed to decrease with increasing
perature. The field of the minimum,Hmin(T), in crystals with
y50, 0.005, 0.016, and 0.022 was found to increase w
increasing temperature, but in heavily-lead-doped sin
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