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Continuity and temperature dependence of the vortex-phase boundary of Bi2Sr2CaCu2O8¿d

Y. Yamaguchi, G. Rajaram,* N. Shirakawa, A. Mumtaz,† H. Obara, T. Nakagawa,
and H. Bando

Electrotechnical Laboratory, Tsukuba, Ibaraki 305-8568, Japan
~Received 15 February 2000; published 11 December 2000!

Local magnetization data of Bi2Sr2CaCu2O81d crystals measured using a Hall sensor array are reported for
underdoped, optimally doped, and overdoped samples. Magnetization data just inside the sample edge provide
the most reliable values for the vortex-phase transition field in the magnetic phase diagram among those at
other positions. The first-order melting line~ML !, which manifests itself as a step in magnetizationM (H), is
detected at relatively high temperatures for all the samples. The position in the field of the second peak in
magnetization at low temperatures can be determined unambiguously from the relaxed magnetization after a
sufficiently long waiting time. It is found that in all the samples the onset field of the second peak, which is
interpreted as an entanglement line~EL!, connects continuously with ML as the temperature is increased. At
intermediate temperatures, for the underdoped and optimally doped samples, either the second peak or the
magnetization cusp, whose position connects with that of the step, is observed at the same temperature and the
same field but in different experimental time scales. The ML for the three samples corresponds to a single
curve when a scaling of (TC

2 2T2)/TCTl2g2 ~TC is the superconducting transition temperature,l is the
penetration depth, andg is the anisotropy constant! is used against the inductionB, consistent with the
decoupling theory. The EL is well fitted byB}(11cT2)/g2, with c.0, suggesting a presence of dimensional
crossover. The positions of the depinning line and the irreversibility line, measured by temperature sweep and
field sweep, respectively, are found to depend on the time scale of the sweep rate, suggesting that they
represent crossovers between two different vortex-creep mechanisms. Only the ML-EL is suggested to be the
real phase boundary.

DOI: 10.1103/PhysRevB.63.014504 PACS number~s!: 74.25.Dw, 74.25.Ha, 74.72.Hs
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I. INTRODUCTION

Vortex-matter phase diagrams of high-TC superconduct-
ors ~HTSC! have been extensively investigated as a n
stage of physics as well as from the technological point
view.1 Among various HTSC, the Bi2Sr2CaCu2O81d
~Bi2212! system attracts special attention, because it i
typical layered system playing a crucial role in the physics
HTSC. When the external field is applied in a direction n
mal to the layer~plane!, vortices are confined within the
superconducting CuO2 bilayers like ‘‘pancakes’’ and couple
through Josephson and electromagnetic interaction betw
adjacent layers. The pancakes form vortex lines at low te
perature and in low field, and form a vortex lattice. Wi
increasing temperature the lattice melts into a fluid result
in a magnetization step2–4 as in a first-order phase transitio
This first-order phase transition forms a melting line~ML !
that has been reported to terminate at a critical point at s
intermediate temperature in theH-T plane.4 Recently, Fuchs
et al.5 have proposed a rather complicated phase diag
that includes an irreversibility line~IL !, a depinning line
~DL!, and a second-peak field with the suggestion that th
lines connect with the ML at the critical point. As far as th
second peak in magnetization is concerned, it has been
gested that it is the onset field of the second peak tha
relevant to the phase diagram, forming a vorte
entanglement line~EL!, a disorder-driven transition,6–8

above which field the second-peak in magnetization appe
A phase diagram that includes some entanglement ph
has been proposed by other workers also, via experime9

The Bi2212 system has in it a disordered system of w
0163-1829/2000/63~1!/014504~8!/$15.00 63 0145
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point pinning centers due to oxygen defects. The situatio
present is that, while it has been verified10,11 that the vortices
in low fields form a vortex lattice~or Bragg lattice! below
the EL and ML, in high fields above the EL, vortices a
very glassy and features such as the second magnetiz
peak and IL exhibit pronounced dependence on relaxa
effects.2,12,13 In addition, these phase boundaries are
pected to shift depending on the pinning character contro
by the oxygen concentration.14,15 The continuity between
these phase boundaries, their analytical form as well as
dependence of these features on oxygen doping, need t
clarified more definitively. It has been generally accep
that a measurement of the local magnetization is crucial
the study of the phase boundaries.4,12,16 In this paper we
report an investigation of the phase boundaries of und
doped, optimally doped, and overdoped Bi2212 crystals
which measurements have been made using a micro-
sensor array to take into account the spatial profiles of m
netization across samples and the effects of the magn
relaxation. The study yielded interesting results particula
in the intermediate temperature region of the phase diagr
where either the second magnetization peak or the mag
zation cusp, whose position in the phase diagram conn
with that of the step, could be observed, depending on
time scale of the measurement.

II. SAMPLE AND MEASUREMENT

The single crystals of Bi2212 were grown by th
traveling-solvent floating-zone method using an infrare
radiation furnace. The samples were cut into small pie
©2000 The American Physical Society04-1



s

Y. YAMAGUCHI et al. PHYSICAL REVIEW B 63 014504
FIG. 1. Magnetization curves (4pMi vs H! at ~a! 50 K, ~b! 42.5 K, ~c! 30 K, and~d! 17.5 K, wherei 51 – 5 is the sensor number a
shown in the inset of~a!. The thick arrows indicate the direction of the field sweep. To elicit time evolution ofMi , data with various pause
times at each field are shown:~a! and ~b! 150 s,~c! 20–300 s,~d! 20–600 s; inset of~d! 20 s to 3 h.Hm is the melting field,H irr the
irreversibility field, andHsp the second peak field. Inset of~b! shows spatial profile across the sample nearHm .
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with a typical dimension of 0.930.830.03 mm3, with the
crystal c axis perpendicular to the plate. A sample, nam
#A, was an as-grown crystal with a composition
Bi2.1Sr1.9CaCu2O81d , and determined to be an almost op
mally doped one.15 A considerably overdoped sample (#O)
was a Bi2.1Sr1.9CaCu2O81d crystal annealed at 380 °C in
pure-oxygen atmosphere for a week. A third sample, #U,
was an underdoped one with compositi
Bi2.2Sr1.8CaCu2O81d , prepared by annealing at 730 °C in a
for a day and quenching subsequently in liquid nitrogen. T
superconducting transition temperatureTC was 71.5, 90.5,
and 80.5 K for samples #O, #A, and #U, respectively.15 The
Hall sensor array was fabricated from a GaAs/AlxGa12xAs
multilayer film with two-dimensional~2D! electron gas as
the active layer. The array consisted of seven sensors
with active area 15315mm2. Six sensors, used to measu
magnetic inductionBi ( i 51 – 6) at the sample surface, we
separated by 0.1 mm from each other, and one sensor,
to measure external fieldH, was separated by 2.5 mm from
the others. The external fieldH was produced by a supercon
01450
d
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ducting solenoid and was applied parallel to the crystac
axis. The magnetic inductionBi and fieldH were determined
by measuring the Hall voltages using four two-channel
voltmeters simultaneously. Spatial profiles measured on
overdoped sample #O have been reported elsewhere.16

III. EXPERIMENTAL RESULTS

A. Spatial profile of magnetization and the characteristic fields

Spatial profiles, across the sample, of magnetizat
~4pMi vs H curves, where 4pMi5Bi2H, with i 51 – 5),
are shown for the as-grown~almost optimally doped! crystal
in Figs. 1~a!–1~d!. In order to elicit the time evolution~re-
laxation! at each field, data at some temperatures were ta
by sweeping the external fieldH by a ramp-and-pause
method, with a pausing timetp divided into several acquisi
tion times ~;20 s!. The data in Figs. 1~c! and 1~d! show
results of such a measurement. Above 50 K, as shown in
1~a!, a distinct magnetization step, attributable to the fir
order phase transition, was observed at fieldHm , while the
4-2
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spatial magnetization profile measured by sensors 1–5
dome shaped (uM1u.uM5u), as shown in the inset of Fig
1~b!. With decreasing temperature, the magnetization s
was deformed due to magnetic hysteresis@Fig. 1~b!#. At 30
K @Fig. 1~c!# the magnetization profile deviated from th
dome shape near the fieldHsp (;390 Oe), where the secon
peak appeared.

The envelopes of data at various acquisition stages du
the pausing time corresponded to magnetization curves
various relaxing times. It was observed that the second p
diminished rapidly with increasing relaxation time. At 17
K @Fig. 1~d!# the profile became V shaped (uM1u.uM5u) at
almost all fields measured. The second peak became la
and broader with decreasing temperature@note the scales in
Fig. 1~d!#.

The irreversibility fieldH irr , where the magnetic hyster
esis vanished, was sensitive to the criterion used to de
‘‘irreversibility’’ and the measurement time, as shown
Fig. 1~c!. In the present work, the criterion for vanishin
hysteresis was, in accordance with experimental errors,
G in low field and 0.1 G in high field. Near 50 K,H irr was
observed to be belowHm , i.e., in the solid phase, and ap
proachedHm with decreasing temperature. At 42.5 K@Fig.
1~b!#, H irr almost coincided withHm , and the magnetization
step was reversible for part of the transition. At 30 K@Fig.
1~c!#, H irr well exceeded the positionHsp of the second peak
which appeared abruptly for lower temperatures instead
the magnetization step. TheH irr (;630 Oe) in Fig. 1~c! was
based on data fortp52 min, while it shifted to;420 Oe for
a longer relaxation timetp52 h.

The second peak fieldHsp was found to depend on th
position i, but was, however, almost independent ofB.
Among the various sensors, the data acquired by the se
i 55 positioned just inside the sample edge needed the
corrections for the internal induction and are used for furt
analysis. Also, the peak was observed most clearly in
position. In order to determine values ofHsp, we examined
the fieldHsp8 whereudM/dHu was maximum, and the field
Hsp* , where M itself had the peak value. In the prese
study, it was found thatHsp* decreased when the magne
zation was allowed to relax for longer times whileHsp8 in-
creased only slightly. In other words, the second peak
M (H) itself evolved sharply on the low-field side when a
lowed to relax for sufficiently long periods. Therefore,Hsp
5(Hsp* 1Hsp8)/2 was taken to be extrapolated value for t
position of the second peak in the limit of infinitely lon
relaxation times, with an experimental errorHsp* 2Hsp8 . In
the inset of Fig. 1~d!, the valueBsp (5Hsp14pMeq) was
evaluated to be 319 G, withHsp* 5334 G,Hsp85320 G, and
4pMeq528 G. The second peak was observed even at 1
at the sample center, but was obscured by the first peak
the sample edge. The second peak was observed down
K and to 12.5 K, respectively, for the underdoped and ov
doped sample.

B. Change from the magnetization step to the second peak

In this section the magnetization step and the second p
at thei 55 sensor~near the sample edge! are described. Fig-
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ure 2 shows temperature dependence of theM-H curves hav-
ing the magnetization step and the second peak for the
grown, the underdoped, and the overdoped samp
respectively. In Figs. 2~a!, 2~c!, and 2~e!, the data correspond
to those at the end of the pause timetp at each measured
field. These figures illustrate the crossover from acomplete
magnetization step in the sense thatM (H) is fully reversible
during the transition withH irr,Hm to an incompleteone, in
which M (H) is reversible for part of the transition with
H irr;Hm . Figures 2~b!, 2~d!, and 2~f! show the time evolu-
tion in the magnetization curves and illustrate the detai
changes from the step to the peak.

FIG. 2. Temperature-driven crossover from the first-order tr
sition to the second peak in the magnetization curves.~a! and~b! for
the as-grown sample;~c! and~d! for the underdoped sample; and~e!
and ~f! for the overdoped sample. The data are for the sensi
55 ~near the edge!. ~a!, ~c!, and~e! show the data after an evolve
time of 150 s at each field; in~b!, ~d!, and ~f! evolved time is
between 20 and 300 s.
4-3
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For the as-grown sample@Figs. 2~a! and 2~b!#, a complete
magnetization step was observed above 50 K. The step
incompletein the temperature interval 45 to 40 K. At 35 K
reversible magnetization step was not observed inM-H
curves, but a sharp cusplike peak was observed. The pos
of this cusp, as defined by the fieldHm* where the maximum
in dM/dH occurs in the ascending field, was at a fie
smaller thanH irr . At 32.5 K, a second peak atHsp8 was
observed when a fast ramp rate of the applied field was u
while a cusp was observed atHm* when a slow ramp rate
was used. This evolution from the second peak to the cus
more clearly demonstrated in Fig. 5~b!, where data at differ-
ent acquisition stages of the ramp-and-pause method
shown. The valueHsp8 for the onset field of the second pea
agrees with the valueHm* for the cusp. This enables us t
switch the characteristic fields smoothly from theHm* ~a
maximum indM/dH) for the cusp to theHsp8 ~a minimum
in dM/dH) for the second peak. It was observed that
error,Hsp82Hm* , in the position of the second peak near
vanished at 32.5 K. Since the valueHm* for the cusp con-
nects smoothly with the melting fieldHm , the second peak
line ~denoted EL here! in the phase diagram connec
smoothly with the ML independent of the definition of th
position of the second peak.

This time-dependent crossover from the peak to the c
was also observed for the underdoped sample at 27.5 K
shown in Fig. 2~d!. For this sample, the magnetization st
was observed in a rather restricted temperature region a
70 K close toTC ~580.5 K!. The sharp change in magnet
zation atHm* was observed between 65 and 30 K, a wid
range of temperatures than the case of the optimally do
sample. In contrast, for the overdoped sample@Figs. 2~e! and
2~f!#, the time-dependent crossover was not clearly obser
The second peak or the cusp in theM-H curve was observed
in the temperature interval 35–45 K, with the second pe
gradually evolving into a cusp with increasing temperatu

C. Depinning line and phase diagram

Another characteristic temperature, the depinning te
peratureTdp ~denoted asTd1 and Td2 by Dewhurst and
Doyle17! was examined by sweeping temperature at cons
field. The magnetization on warming up after cooling t
sample in the zero field is indicative of the characteris
process temperatures by which the external field enters
the sample. Figure 3~a! shows the 4pMi vs T ( i 51 – 5)
curves atH5400 Oe for the overdoped sample. After coo
ing the sample in the zero-field, the external field was
plied at 10 K. With increasing temperature, the field ente
rapidly into the sample above;14 K. The spatial profile of
magnetization was V shaped at low temperatures, t
changed into a dome-shaped one and gradually became
nearTC . In this process, a distinct kink in the 4pMi vs T
curves was observed atTdp;26 K at the sample center and
31 K near the sample edge. When the temperature sweep
was changed from 4 to 60 K/h, these kink positionsTdp
increased by;2 K. The kink was observed for all the mea
sured field below 1400 Oe when the local magnetizat
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4pM became nearly210 G. This kink was observed for th
as-grown sample also at nearly the same temperature~;28
K!, where in this case also magnetization was nearly210 G.
For the underdoped sample, the kink below the melting l
was scarcely observed. However, a weak trace of the k
was barely observed at a high field above the melting line
shown in Fig. 3~b!. For the overdoped sample and the a
grown one, the kink or shoulder at high field (Td1 in Ref. 17!
was not observed.

Figure 4 shows the phase diagram including all the
served characteristic fields and the temperatures. We s
the phase diagram in theB-T plane, where the local induction
B is smaller than the applied fieldH by about 8 G
(54pMeq at the edge sensor!, which goes to zero atTC .
The crossover from the second peak to the cusp is indic
by superposing some symbols onBsp and Bm* . The cross-
over for the as-grown and the underdoped sample took p
at the top of the hump formed by these two characteri
fields. For these samples, the critical temperatureTcr was
defined as the highest temperature where the second
was observed. TheTcr was 32.5 and 27.5 K for the as-grow

FIG. 3. Temperature dependence~4pMi vs T, with i 51 – 5) of
the zero-field-cooled~warm-up branches! and the field-cooled
~cool-down branches! magnetization for~a! the overdoped sample
and ~b! the underdoped sample. Thin arrows show the depinn
temperatureTdp for i 51, ~sample center!. The insets are expande
views nearTdp.
4-4
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and the underdoped sample, respectively. For all
samples, the DL forTdp(B) seemed to terminate at theTcr .
All the IL for Birr(T) connected smoothly with the ML.

IV. DISCUSSION

A. Continuity of the phase boundary

The evolution of the magnetization step to the seco
peak as the temperature is decreased occurs for all
samples and has the common features depicted schemat
in Fig. 5. Curvea shows acompletely reversiblemagnetiza-
tion step withH irr,Hm , and curveb shows a step with the
irreversibility setting in atHm , i.e.,H irr;Hm . Curvesc and
d show sharp change or cusps in magnetization, which s
gests an abrupt softening of the vortex solid atHm* , the
position of the steplike peak of the cusp, withH irr.Hm* .
We emphasize that theHm* (T) line is well defined and con

FIG. 4. Phase diagrams of the overdoped~a!, the as-grown~b!,
and the underdoped sample~c!. The Bm for the melting transition
and the positionBm* of the cusp in magnetization. The error bar f
Bsp is explained in the text. Arrows indicate the critical point.
01450
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nects smoothly with the second peak line at low temperatu
and to the melting line at high temperatures.Hm* thus ap-
pears to be aremnantof the magnetization step for the firs
order phase transition at the temperature region higher
the ‘‘critical point,’’ and extends into the temperature regio
lower than the critical point. Finally, curvee shows the sec-
ond peak, which exhibits a kink atHsp8 . All the curves in
Fig. 2 have a tendency to follow this sequence with decre
ing temperatures. The second peak appears to evolve in
cusp ~curve c! if magnetization is relaxed for sufficiently
long times. This time evolution plays a key role in demo
strating the clear continuity between the step and the sec
peak in magnetization.

The evolution of the second peak to a cusp with relaxat
described above is not quite well defined in the overdop
sample. Both the second peak and the cusp are sharp a
termediate temperature, and there is a broadening be
Hm* with a sharp cutoff atHm* at high temperatures. Thi
broadening is not observed in the underdoped sample an
probably caused by an increase of the pinning strength du
excess oxygen. This explanation is similar to that given
Ooi et al.,18 who have also suggested thatHm* is a remnant
of the first-order phase transition. In the underdoped sam
the temperature range over which the magnetization ste
detected is considerably limited relative to the as-gro
sample, and the intermediate temperature region over w
the cusp occurs at large relaxation times is extended.
probable reason for this could be inhomogeneity in
sample, which is suggested from the transition width of;2.5
K compared with;0.3 K for the overdoped sample.15 An-
other reason may be the surface/geometrical barrier, wh
contribute to large hysteresis at low fields19 and which are
incompletely suppressed atHm* . The irreversibility field
H irr is thus much larger thanHm* . The observedBm* (T)
line for the underdoped sample as well as for the overdo

FIG. 5. Evolution of the 4pM vs H curves with decreasing
temperature: traces froma to e demonstrate the crossover betwe
the magnetization step of the vortex-lattice melting atHm and the
second peak atHsp. Long arrows show direction of field sweep
The H irr shows the irreversibility field below and aboveHm .
4-5
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Y. YAMAGUCHI et al. PHYSICAL REVIEW B 63 014504
one isremnantof the Bm(T) line, i.e., the ML. TheBm(T)
line that connects directly to the EL is probably realized o
for the optimally dopedideal sample, of which the as-grow
sample in the present study is a close representative. H
ever, it is difficult to decide whether EL is the first- o
second-order boundary from the present measurement
cause it is not clear that the second peak changes into a
even after a long relaxation time.

The melting line is expected to be independent of
sample position at which it is determined after correcting
the induction profile arising from various pinning mech
nisms. However, the difference between the melting fieldHm
@e.g., ;320 Oe in Fig. 1~a!# near the sample edge (i
55 sensor) and that at the center~; 300 Oe! ( i 51 sensor)
was larger than the difference~;8 Oe due to the dome
shaped profile! in B. A probable reason for this differenc
may be a stray field in an unavoidable gap between
sample surface and the active layer of the Hall sensor
positive shift in magnetization,M5 , near the sample edge i
high field at 17.5 K@Fig. 1~d!# may also be due to this stra
field, which becomes larger with increasing internal indu
tion to be excluded. Broadening of the second peak at
sample center may be the result of superposition of vari
relaxation effects arising from varying distances from t

FIG. 6. A unified phase diagram for three samples. Open s
bols correspond toBm* ~cusp! andBm ~step! to make up the melting
line ~ML !, while the filled symbols correspond to theBsp ~entangle-
ment line!. A is the value used to normalize theB axis to fit a curve
(12t2)/t for ML. The best fit parameters are summarized in Ta
I.
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sample edge in a square shape. Due to these effects sys
atic errors of a few percent (;12/320;DH/Hm) on the field
axis are expected.

B. Temperature dependence of the phase boundary

The ML-EL curves of the phase diagram in Fig. 4 for a
the three samples are replotted in Fig. 6, where the temp
ture axis is now the reduced temperaturet5T/TC . Then all
the ML, except in a narrow intermediate temperature regi
can be fitted by a dependenceA(12t2)/t, as in previous
reports.4,15 This fit is better than others such as (12t)n, (1
2t)n/t, or (12t2)n/t for n.1.20 It is noted that the (1
2t2)/t dependence is expected for the decoupl
transition,21,22 while a (12t2)1.5/t dependence is predicte
by the melting theory.23 Here,l25l0

2/(12t2) has been used
for the temperature dependence of the penetration depl
instead ofl25l0

2/(12t4) from the two-fluid model, since
we can better fit the observed24 value of l. On the low-
temperature side, the EL curves are well fitted by an emp
cal dependenceB0(11ct2), whereB0 is Bsp at T50 ob-
tained by extrapolation andc ~.0! is a coefficient of the
temperature-dependent part. The fitting parameters are s
marized in Table I.

According to the decoupling theory,20,22 the prefactorA
should be given by

A5aDF0
3/16p2kBTCl0

2g2s, ~1!

whereF0 is the flux quantum,aD;0.1 ~Ref. 20! is a decou-
pling parameter,kB is the Boltzman constant,l0 is the pen-
etration depth atT50, g is the anisotropy constant, ands
~;1.5 nm! is the distance between the adjacent CuO2 bilay-
ers. The observed value ofA is successfully reproduce
within the experimental errors withg ~Refs. 25 and 26! and
l0 ,27,28 as adjustable parameters given in Table I. This in
cates that the decoupling scenario is favorable for explain
the ML. The decoupling feature has been suggested in a w
temperature region from mutual-inductance experiments29,30

and more directly from the Josephson-plasma resona
measurement by Shibauchiet al.,31 who found an abrupt de
crease of the coherence parameter between pancake vo
at Bm .

Next, we try to explain observed temperature depende
of the EL, Bsp5B0(11ct2). The second peak at low tem
perature has generally been explained12,14as arising from the
3D–2D crossover.32 When we use theg values in Table I,
the observedB0 can be obtained with the expression

-

TABLE I. Observed values (TC , A, B0 , andc! and the parameter~g andl0) to fit A andB0 for each sample.

Sample TC ~K! A ~G! B0 ~G! c g l0 ~nm!

Overdoped 71.5 1225 800 4.0 107 164
As-grown 90.5 255 290 3.0 178 193
Underdoped 80.5 95 165 0.3 236 252
4-6
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B0;F0 /g2s2 ~2!

of the 3D–2D crossover transition. However, this theor32

does not include the temperature-dependent termct2. The
temperature-dependent transition has been discussed i
context of entanglement theory6,7 or the ‘‘d l -pinning’’
theory.1 However, the entanglement theory7 fails to predict
the temperature dependence nearT50 for the highly aniso-
tropic case; also it includes some parameters that are diffi
to estimate such as a pinning energy (Up) or a disorder pa-
rameter~D!. On the other hand, thed l -pinning theory, which
givesBsp}(12t2)21/2, explains neither the large value ofc
nor the dependence ofc on the oxygen stoichiometry. An
other promising theory,8 which involves generalizing the
Lindemann criterion not only to the elastic energy but also
the pinning energy, predicts values close to Eq.~2! at T50
andBsp}(12t2)21 in some conditions, but it is cumbersom
to estimatec. Therefore, all these theories are inadequate
explain the parameterc. In any case, it seems reasonable
speculate thatc tends to zero in the limit of largeg, sincec
has a rather small value for the underdoped sample. We m
postpone a more quantitative comparison with the theory
til we have a more detailed theory and reliable estimates
the related parameters.

The continuity between the EL and ML is unambiguo
because of the change of the second peak to a cusp w
sharp edge and peak at large relaxation times and from
cusp to the magnetization step with increasing temperat
The implication of this continuity is that the two phenome
~the second peak and the step! have a common underlying
origin; the decoupling in thec axis as has been shown by a
experiment.31 It has been also shown31 that some interlayer
phase coherence~a few tens of percent! still persists above
the decoupling field. However, at high temperature, the
coupling enables distortions of the vortex lines at poi
pinning sites. At low temperatures, it is vortex decoupli
between layers that triggers both a disorder-aided weake
of correlation of the vortex pancakes along thec axis at the
EL and thermal fluctuation induced loss of correlation alo
the plane of weakly coupled vortex lines. The second p
becomes sharper and smaller, then comes to a cusp a
vortex segments relax into pinning sites with increasing
laxation times. This state is probably a weakly entang
state that has been proposed for a disordered system
strong point pinning.6–8

C. Crossover between the vortex-depinning characters

Finally, we discuss the depinning temperatureTdp and the
irreversibility field Birr . Until now, various characteristic
phase boundaries in a solid phase below the ML-EL h
been suggested to occur near 38–45 K from ac respon3,5

and near 20–32 K from static magnetization.17,33 This varia-
tion is probably due to differences in the definition of t
characteristics as well as relaxation effects. In the pres
work, the observedTdp agrees very well with those in Re
17, when we use the same definitions as in Ref. 17 and
data near the sample edge.Tdp may be the temperature ass
01450
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ciated with the change of magnetization profile from
V-shaped one due to the bulk pinning to a dome-shaped
due to the surface/geometrical pinning, as has b
suggested.17 A change in the profile near 28 K, close toTdp,
has indeed been observed from local magnetization,34 elec-
tron spin resonance35 and the magnetic relaxation.36 The
crossover of the dominant pinning mechanism takes pl
locally when the magnetization becomes nearly 10 G, wh
the effect of a bulk pinning on the profile is almost the sa
as that of the surface/geometrical pinning. It has be
suggested36,37 that around 25 K, the creep mechanism of t
vortex-line system is attributable to the collective cre
theory,38 which would explain the increasing activation ba
rier with decreasing magnetization, i.e., increasing induct
B. On the contrary, the surface/geometrical barrier is
pected to decrease with increasing inductionB.19,39 The Tdp
is the temperature where this crossover in the creep me
nisms takes place. The crossover in the creep mechan
takes place at first at the top of the dome-shaped profile
gradually spreads all over the sample, whenB is increased.

If the DL terminates at a critical point, then bulk pinnin
should vanish at a temperature above the critical point. T
is plausible only in the case of the optimally doped samp
since, for the underdoped and the overdoped samples
bulk pinning seems to persist up to the temperature wh
the magnetization cusp is observed. For the optimally do
sample, IL in the solid phase~below Bm) may tend to the
DL, if the sample has good homogeneity and the geometr
barrier19 is removed. It is suggested that the IL~both above
and below theBm) agrees with the DL, and connects to th
critical point.17 The continuity and temperature dependen
of the boundaries near the critical point resemble a tricriti
behavior as observed for the spin system.40 In fact, the ob-
served critical point is not such a tricritical point, since t
IL and DL are not phase boundaries but represent cross
of pinning mechanisms. Details of the magnetic relaxat
undertaken to understand the IL and the DL have been pa
reported37 and more details will be published elsewhere.

V. SUMMARY

The vortex-matter phase diagram of underdoped,
grown ~nearly optimally doped! and overdoped Bi2212 crys
tals has been examined by use of a Hall-sensor array.
first-order ML, which manifests itself as a step in magne
zation curves, has been detected at relatively high temp
tures for all the samples. The position in the field of t
second peak in magnetization at low temperatures has b
determined definitively from the relaxed magnetization n
the sample edge after a sufficiently long waiting time.
intermediate temperatures, for the underdoped and optim
doped samples, either the second peak or the magnetiz
cusp that connects to the step, has been observed at the
temperature and the same field but in different experime
time scales. It has been demonstrated that in all the sam
the onset field of the second peak, which is interpreted a
EL, connects continuously with the ML. The ML for th
three samples corresponds to a single curve when a sc
4-7
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of (TC
2 2T2)/TCTl2g2 ~l is the penetration depth andg the

anisotropy constant! is used against the inductionB, consis-
tent with the decoupling theory. The EL is well fitted byB
}(11cT2)/g2, with c.0, suggesting a presence of dime
sional crossover. The positions of the DL and the irreve
ibility line IL, measured by temperature sweep and fie
sweep, respectively, are found to depend on the time sca
the sweep rate, suggesting that they represent crossover
tween two different vortex-creep mechanisms. Only
ML-EL is proposed to be the real phase boundary. The
portance of the spatial profile of the magnetization and
0145
-
rs-
ld
e of

be-
he
m-
its

relaxation have been emphasized to clarify these ph
boundaries.
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