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Continuity and temperature dependence of the vortex-phase boundary of Bsr,CaCu,Og4 5
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Local magnetization data of Br,CaCyOg, 5 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 liiIL ), which manifests itself as a step in magnetizat\b(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 lifiel), 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 ofTé—TZ)/TCT)\zy2 (Tc is the superconducting transition temperatureis the
penetration depth, ang is the anisotropy constants used against the inductioB, consistent with the
decoupling theory. The EL is well fitted B (1+cT?)/2, with ¢>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.
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[. INTRODUCTION point pinning centers due to oxygen defects. The situation at
present is that, while it has been veriflé that the vortices
Vortex-matter phase diagrams of high- superconduct- in low fields form a vortex latticgor Bragg latticg below

ors (HTSC) have been extensively investigated as a newhe EL and ML, in high fields above the EL, vortices are
stage of physics as well as from the technological point oivery glassy and features such as the second magnetization
view! Among various HTSC, the B®rLCaCuyOg,s; Peak and IL exhibit pronounced dependence on relaxation
(Bi2212) system attracts special attention, because it is &ffects>***® In addition, these phase boundaries are ex-
typical layered system playing a crucial role in the physics ofected to shift depending on the pinning character controlled
HTSC. When the external field is applied in a direction nor-by the oxygen concentratioft*> The continuity between
mal to the layer(plane, vortices are confined within the these phase boundaries, their analytical form as well as the
superconducting Cugbilayers like “pancakes” and couple dependence of these features on oxygen doping, need to be
through Josephson and electromagnetic interaction betwedfarified more definitively. It has been generally accepted
adjacent layers. The pancakes form vortex lines at low temthat a measurement of the local magnetization is crucial for
perature and in low field, and form a vortex lattice. With the study of the phase boundarfe$:*® In this paper we
increasing temperature the lattice melts into a fluid resultingeport an investigation of the phase boundaries of under-
in a magnetization stép* as in a first-order phase transition. doped, optimally doped, and overdoped Bi2212 crystals, in
This first-order phase transition forms a melting lidL)  Which measurements have been made using a micro-Hall
that has been reported to terminate at a critical point at som@ensor array to take into account the spatial profiles of mag-
intermediate temperature in tihéT plane* Recently, Fuchs netization across samples and the effects of the magnetic
et al® have proposed a rather complicated phase diagraf¢laxation. The study yielded interesting results particularly
that includes an irreversibility linéIL), a depinning line in the intermediate temperature region of the phase diagram,
(DL), and a second-peak field with the suggestion that theswhere either the second magnetization peak or the magneti-
lines connect with the ML at the critical point. As far as the Zation cusp, whose position in the phase diagram connects
second peak in magnetization is concerned, it has been sugith that of the step, could be observed, depending on the
gested that it is the onset field of the second peak that i§me scale of the measurement.
relevant to the phase diagram, forming a vortex-
entanglement line(EL), a disorder-driven transitioh®
above which field the second-peak in magnetization appears.
A phase diagram that includes some entanglement phases The single crystals of Bi2212 were grown by the
has been proposed by other workers also, via experithenttraveling-solvent floating-zone method using an infrared-
The Bi2212 system has in it a disordered system of weakadiation furnace. The samples were cut into small pieces

Il. SAMPLE AND MEASUREMENT
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FIG. 1. Magnetization curves M; vs H) at (a) 50 K, (b) 42.5 K, (c) 30 K, and(d) 17.5 K, wherei =1-5 is the sensor number as
shown in the inset ofa). The thick arrows indicate the direction of the field sweep. To elicit time evolutidvi;gfdata with various pause
times at each field are showfs) and (b) 150 s,(c) 20—300 s,(d) 20-600 s; inset ofd) 20 s to 3 h.H, is the melting fieldH;, the
irreversibility field, andH,, the second peak field. Inset ¢f) shows spatial profile across the sample ridgr.

with a typical dimension of 0.20.8x0.03mn%, with the  ducting solenoid and was applied parallel to the crystal
crystal ¢ axis perpendicular to the plate. A sample, namedxis. The magnetic inductioB; and fieldH were determined
#A, was an as-grown crystal with a composition of by measuring the Hall voltages using four two-channel dc
Bi, ;S CaCu0g. 5, and determined to be an almost opti- Voltmeters simultaneously. Spatial profiles measured on the
mally doped oné® A considerably overdoped sample@}  overdoped sample@ have been reported elsewhefe.

was a B} ,Sr; CaCuyOg, 5 crystal annealed at 380°C in a

pure-oxygen atmosphere for a week. A third sampld, # Il. EXPERIMENTAL RESULTS

was an underdoped one with composition
Bi, ,Sr, {CaCuyOg. s, prepared by annealing at 730 °C in air
for a day and quenching subsequently in liquid nitrogen. The Spatial profiles, across the sample, of magnetization
superconducting transition temperaturg was 71.5, 90.5, (47M; vs H curves, where #M;=B;—H, with i=1-5),

and 80.5 K for samples@, #A, and #J, respectively’> The  are shown for the as-grow@lmost optimally dopedcrystal

Hall sensor array was fabricated from a GaAs@d _,As in Figs. Aa)—1(d). In order to elicit the time evolutiofire-
multilayer film with two-dimensional2D) electron gas as laxation at each field, data at some temperatures were taken
the active layer. The array consisted of seven sensors eatly sweeping the external fieltH by a ramp-and-pause
with active area 1% 15um? Six sensors, used to measure method, with a pausing timg, divided into several acquisi-
magnetic inductiom3; (i=1-6) at the sample surface, were tion times (~20 9. The data in Figs. (t) and 1d) show
separated by 0.1 mm from each other, and one sensor, usessults of such a measurement. Above 50 K, as shown in Fig.
to measure external field, was separated by 2.5 mm from 1(a), a distinct magnetization step, attributable to the first-
the others. The external field was produced by a supercon- order phase transition, was observed at fidlg, while the

A. Spatial profile of magnetization and the characteristic fields
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spatial magnetization profile measured by sensors 1-5 was

LI S s 0 R

L T L T
dome shaped|{14|>|Ms|), as shown in the inset of Fig. S5 (a) (b)
1(b). With decreasing temperature, the magnetization step 6.0 60K - -6 BhRasasund

was deformed due to magnetic hysterd§igy. 1(b)]. At 30
K [Fig. 1(c)] the magnetization profile deviated from the
dome shape near the fieit,, (~390 Oe), where the second
peak appeared.

The envelopes of data at various acquisition stages during
the pausing time corresponded to magnetization curves with
various relaxing times. It was observed that the second peak

4rM, (G)

diminished rapidly with increasing relaxation time. At 17.5 L0 L sp
K [Fig. 1(d)] the profile became V shape{M4|>|Ms|) at 200 300 400 350 400 450
almost all fields measured. The second peak became larger
and broader with decreasing temperaturete the scales in (c)'IUnderdoped|
Fig. 1(d)]. 2 75K -

The irreversibility fieldH;,, where the magnetic hyster- N 70 K
esis vanished, was sensitive to the criterion used to define ¢p 65 K
“irreversibility” and the measurement time, as shown in % 4
Fig. 2(c). In the present work, the criterion for vanishing %
hysteresis was, in accordance with experimental errors, 0.02 <
G in low field and 0.1 G in high field. Near 50 K{;, was
observed to be below,,, i.e., in the solid phase, and ap-
proachedH ,, with decreasing temperature. At 42.5[Kig. ; I
1(b)], H;, almost coincided withH ,,, and the magnetization 0 40 80 120 120 160 200 240
step was reversible for part of the transition. At 30 Kg. 100 200 300 1450 1500 1550 1600
1(c)], H;,, well exceeded the positidd, of the second peak, T T L — T ! - T
which appeared abruptly for lower tgmperatures instead of 55 (e) i ° —(‘f)_ K_
the magnetization step. Th,, (~630Oe) in Fig. {c) was R 65K) g By e
based on data fdy,= 2 min, while it shifted to~420 Oe for )
a longer relaxation time,=2 h. w0 -8.0 Hen 55 KK

The second peak fieltls, was found to depend on the % |
position i, but was, however, almost independent Bf Al

Among the various sensors, the data acquired by the sensor
i =5 positioned just inside the sample edge needed the least
corrections for the internal induction and are used for further
analysis. Also, the peak was observed most clearly in this
position. In order to determine values idf,, we examined 1100 1200 1300 1500 1600
the fieldH,, where|dM/dH| was maximum, and the field H (Oe) H (O
Hser » wWhere M itself had the peak value. In the present © (Oe)
study, it was found thaky decreased when the magneti- 15 5> Temperature-driven crossover from the first-order tran-
zation was allowed to relax for longer times whitgy in-  ition to the second peak in the magnetization cur@snd(b) for
creased only slightly. In other words, the second peak Ofne as-grown sampléc) and(d) for the underdoped sample; atel
M(H) itself evolved sharply on the low-field side when al- and (f) for the overdoped sample. The data are for the sensor
lowed to relax for sufficiently long periods. Therefoid,, =5 (near the edge (a), (c), and(e) show the data after an evolved
=(Hgp + Hgy)/2 was taken to be extrapolated value for thetime of 150 s at each field; iitb), (d), and (f) evolved time is
position of the second peak in the limit of infinitely long between 20 and 300 s.
relaxation times, with an experimental ertdg —Hgy . In
the inset of Fig. (d), the valueBg, (=Hg,+47M) was — ure 2 shows temperature dependence oMk curves hav-
evaluated to be 319 G, witH ¢ =334 G,Hsy=320G, and ing the magnetization step and the second peak for the as-
47M = — 8 G. The second peak was observed even at 15 igrown, the underdoped, and the overdoped samples,
at the sample center, but was obscured by the first peak netgspectively. In Figs. (@), 2(c), and Ze), the data correspond
the sample edge. The second peak was observed down to & those at the end of the pause timjeat each measured
K and to 12.5 K, respectively, for the underdoped and overfield. These figures illustrate the crossover frorncaplete
doped sample. magnetization step in the sense tNatH) is fully reversible
during the transition wittH;,<H, to anincompleteone, in
which M(H) is reversible for part of the transition with
Hi,~H.. Figures 2b), 2(d), and Zf) show the time evolu-

In this section the magnetization step and the second pedlon in the magnetization curves and illustrate the detailed
at thei =5 sensornear the sample edpare described. Fig- changes from the step to the peak.

B. Change from the magnetization step to the second peak
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For the as-grown samp|&igs. 2a) and 2b)], acomplete
magnetization step was observed above 50 K. The step was
incompleten the temperature interval 45 to 40 K. At 35 K a
reversible magnetization step was not observedVirH -100
curves, but a sharp cusplike peak was observed. The position
of this cusp, as defined by the figt),» where the maximum
in dM/dH occurs in the ascending field, was at a field
smaller thanH,,. At 32.5 K, a second peak &,y was
observed when a fast ramp rate of the applied field was used,
while a cusp was observed Hit,» when a slow ramp rate
was used. This evolution from the second peak to the cusp is
more clearly demonstrated in Fig(B, where data at differ- 400" o
ent acquisition stages of the ramp-and-pause method are 10 20 30 40 50
shown. The valugig, for the onset field of the second peak
agrees with the valuél .« for the cusp. This enables us to
switch the characteristic fields smoothly from thig« (a g
maximum indM/dH) for the cusp to thedgy (a minimum ) '__5 Underdoped
in dM/dH) for the second peak. It was observed that the -50 $ 200 Oe, 15 K/h
error,Hgy —Hy+ , in the position of the second peak nearly
vanished at 32.5 K. Since the valtk,« for the cusp con-
nects smoothly with the melting field,,, the second peak
line (denoted EL herein the phase diagram connects
smoothly with the ML independent of the definition of the
position of the second peak. -150

This time-dependent crossover from the peak to the cusp
was also observed for the underdoped sample at 27.5 K, as
shown in Fig. 2d). For this sample, the magnetization step 200 L
was observed in a rather restricted temperature region above 15
70 K close toT¢ (=80.5 K). The sharp change in magneti- Temperature (K)
zation atH» was observed between 65 and 30 K, a wider
range of temperatures than the case of the optimally doped FIG. 3. Temperature dependeriderM; vs T, with i =1-5) of
sample. In contrast, for the overdoped sanipigs. 4e) and  the zero-field-cooled(warm-up branchgsand the field-cooled
2(f)], the time-dependent crossover was not clearly observedc00l-down branchésmagnetization for(@ the overdoped sample
The second peak or the cusp in tieH curve was observed and (b) the underd_oped sample. Thin arrows show the depinning
in the temperature interval 35-45 K, with the second peakémpPeraturely, fori=1, (sample centgr The insets are expanded
gradually evolving into a cusp with increasing temperature,V'€WS N€argp.

) Overdoped
p 400 Oe, 4 K/h

-200

47M, (G)

-300

T T
i=1 -

-100

47M. (G)

47M became nearly-10 G. This kink was observed for the
as-grown sample also at nearly the same temperatu?8
Another characteristic temperature, the depinning temK), where in this case also magnetization was neaily G.
perature Ty, (denoted asTy; and Ty, by Dewhurst and For the underdoped sample, the kink below the melting line
Doyle'’) was examined by sweeping temperature at constanwas scarcely observed. However, a weak trace of the kink
field. The magnetization on warming up after cooling thewas barely observed at a high field above the melting line, as
sample in the zero field is indicative of the characteristicshown in Fig. 8b). For the overdoped sample and the as-
process temperatures by which the external field enters intgrown one, the kink or shoulder at high field in Ref. 17
the sample. Figure (8) shows the 4M; vs T (i=1-5) was not observed.
curves atH =400 Oe for the overdoped sample. After cool-  Figure 4 shows the phase diagram including all the ob-
ing the sample in the zero-field, the external field was apserved characteristic fields and the temperatures. We show
plied at 10 K. With increasing temperature, the field enteredhe phase diagram in thi& T plane, where the local induction
rapidly into the sample above 14 K. The spatial profile of B is smaller than the applied fieltH by about 8 G
magnetization was V shaped at low temperatures, the(=47Mq at the edge sensprwhich goes to zero alc.
changed into a dome-shaped one and gradually became flahe crossover from the second peak to the cusp is indicated
nearT¢. In this process, a distinct kink in themM; vs T by superposing some symbols &g, and B« . The cross-
curves was observed af,~ 26 K at the sample center and at over for the as-grown and the underdoped sample took place
31 K near the sample edge. When the temperature sweep rae the top of the hump formed by these two characteristic
was changed from 4 to 60 K/h, these kink positichg,  fields. For these samples, the critical temperafligewas
increased by-2 K. The kink was observed for all the mea- defined as the highest temperature where the second peak
sured field below 1400 Oe when the local magnetizatiorwas observed. Th&; was 32.5 and 27.5 K for the as-grown

C. Depinning line and phase diagram
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200 - FIG. 5. Evolution of the 4M vs H curves with decreasing
temperature: traces fromto e demonstrate the crossover between
100 the magnetization step of the vortex-lattice meltingHat and the
0 second peak atlg,. Long arrows show direction of field sweep.
0 The H;,, shows the irreversibility field below and abotk,, .
250 |- I T ] _
C) |Underdoped . .
200k © _ nects smoothly with the second peak line at low temperatures
— Bm and to the melting line at high temperaturék,» thus ap-
O 1501 -o- Bm* | | pears to be aamnantof the magnetization step for the first-
~ "j‘ S?P order phase transition at the temperature region higher than
@ 100 — T;'; - the “critical point,” and extends into the temperature region
lower than the critical point. Finally, curveshows the sec-
50~ ] ond peak, which exhibits a kink &gy . All the curves in
A | | Fig. 2 have a tendency to follow this sequence with decreas-
00 20 40 60 80 ing temperatures. The second peak appears to evolve into a

T (K) cusp (.curve c) .if magnetizat!on is relaxed for su_fficiently
long times. This time evolution plays a key role in demon-
FIG. 4. Phase diagrams of the overdogied the as-grown(b),  Strating the clear continuity between the step and the second
and the underdoped samie). The B,, for the melting transition ~P&ak in magnetization. _ _
and the positio,« of the cusp in magnetization. The error bar for  The evolution of the second peak to a cusp with relaxation
Bsp is explained in the text. Arrows indicate the critical point. described above is not quite well defined in the overdoped
sample. Both the second peak and the cusp are sharp at in-
termediate temperature, and there is a broadening below

and the underdoped sample, respectively. For all th&!m+ With @ sharp cutoff at« at high temperatures. This
samples, the DL folf4(B) seemed to terminate at tffg,. broadening is not observed in the underdoped sample and is

All the IL for B,,(T) connected smoothly with the ML. probably caused by an increase of the pinning strength due to
excess oxygen. This explanation is similar to that given by

Ooi et al,'® who have also suggested thdf« is a remnant

IV. DISCUSSION of the first-order phase transition. In the underdoped sample,
the temperature range over which the magnetization step is
detected is considerably limited relative to the as-grown

The evolution of the magnetization step to the secondample, and the intermediate temperature region over which
peak as the temperature is decreased occurs for all thtee cusp occurs at large relaxation times is extended. One
samples and has the common features depicted schematicafiyobable reason for this could be inhomogeneity in the
in Fig. 5. Curvea shows acompletely reversiblenagnetiza- sample, which is suggested from the transition width-@f5
tion step withH;,<H,,, and curveb shows a step with the K compared with~0.3 K for the overdoped sampté An-
irreversibility setting in aH,, i.e.,Hj;~H,,. Curvescand  other reason may be the surface/geometrical barrier, which
d show sharp change or cusps in magnetization, which sugzontribute to large hysteresis at low fieldlsnd which are
gests an abrupt softening of the vortex solidHat« , the  incompletely suppressed &t . The irreversibility field
position of the steplike peak of the cusp, with,>H . . Hi, is thus much larger thahl« . The observed«(T)
We emphasize that thd,« (T) line is well defined and con- line for the underdoped sample as well as for the overdoped

A. Continuity of the phase boundary
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sample edge in a square shape. Due to these effects system-
atic errors of a few percent{12/320~AH/H,,) on the field
axis are expected.

........ (1-&)1t

B. Temperature dependence of the phase boundary

15+
The ML-EL curves of the phase diagram in Fig. 4 for all

the three samples are replotted in Fig. 6, where the tempera-
ture axis is now the reduced temperattireT/T. Then all
the ML, except in a narrow intermediate temperature region,
can be fitted by a dependenéd1—1t?)/t, as in previous
reportst*® This fit is better than others such as<1)", (1
—t)"/t, or (1-t®)"t for n>12° It is noted that the (1
—t?)/t dependence is expected for the decoupling
transition?*2 while a (1—t?)*¥t dependence is predicted
by the melting theory® Here,\2=\3/(1—t?) has been used
for the temperature dependence of the penetration depth
- ) instead ofA?=\3/(1—t*) from the two-fluid model, since
FIG. 6. A unified phase diagram for three samples. Open symye can better fit the obsen®dvalue of .. On the low-
bols correspond B« (cusp andB, (step to make up the melting (o herature side, the EL curves are well fitted by an empiri-
line (ML), while the filled symbols correspond to tBg, (entangle- cal dependenc®,(1+ct?), whereB, is By, at T=0 ob-
ment ling. A is the value used to normalize tBeaxis to fit a curve tained by extrapolation ahd (>0) is a cosgfficient of the
(1—1?)/t for ML. The best fit parameters are summarized in Tabletemperature—dependent part. The fitting parameters are sum-
! marized in Table I.
According to the decoupling theof§?? the prefactorA
should be given by

-

1.0

B/A

-

05

0.0 1 | I 1 R
0.0 0.2 04 0.6 0.8 1.0

one isremnantof the B,,(T) line, i.e., the ML. TheB(T)
line that connects directly to the EL is probably realized only
for the optimally dopeddeal sample, of which the as-grown
sample in the present study is a close representative. How-
ever, it is difficult to decide whether EL is the first- or
second-order boundary from the present measurement, bethered is the flux quantumegp~0.1 (Ref. 20 is a decou-
cause it is not clear that the second peak changes into a stpping parameterkg is the Boltzman constank, is the pen-
even after a long relaxation time. etration depth af =0, y is the anisotropy constant, arsd
The melting line is expected to be independent of the(~1.5 nm is the distance between the adjacent GCbiay-
sample position at which it is determined after correcting forers. The observed value & is successfully reproduced
the induction profile arising from various pinning mecha- within the experimental errors witly (Refs. 25 and 26and
nisms. However, the difference between the melting figld  \,,2"?®as adjustable parameters given in Table I. This indi-
[e.g., ~320 Oe in Fig. 1a)] near the sample edge ( cates that the decoupling scenario is favorable for explaining
=5 sensor) and that at the center 300 Oe (i =1 sensor) the ML. The decoupling feature has been suggested in a wide
was larger than the difference-8 Oe due to the dome- temperature region from mutual-inductance experinférts
shaped profilein B. A probable reason for this difference and more directly from the Josephson-plasma resonance
may be a stray field in an unavoidable gap between theneasurement by Shibauakt al,®* who found an abrupt de-
sample surface and the active layer of the Hall sensor. Arease of the coherence parameter between pancake vortices
positive shift in magnetizatioriVl 5, near the sample edge in atB,.
high field at 17.5 K[Fig. 1(d)] may also be due to this stray Next, we try to explain observed temperature dependence
field, which becomes larger with increasing internal induc-of the EL, Bg,= Bo(1+ct?). The second peak at low tem-
tion to be excluded. Broadening of the second peak at thperature has generally been explaitfédas arising from the
sample center may be the result of superposition of variou8D—2D crossovet? When we use they values in Table I,
relaxation effects arising from varying distances from thethe observed, can be obtained with the expression

A= CYDCDS/].GWZI(BTC}\%')/ZS, (1)

TABLE I. Observed valuesT, A, By, andc) and the parametdr and\) to fit A andB,, for each sample.

Sample Te (K) A (G) By (G) c y No (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
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Bo~®o/y?s? 2) ciated with the change of magnetization profile from a
V-shaped one due to the bulk pinning to a dome-shaped one
due to the surface/geometrical pinning, as has been
suggested’ A change in the profile near 28 K, closeTgqy,

Hgs indeed been observed from local magnetizafiaiec-
tron spin resonanée and the magnetic relaxatich. The
crossover of the dominant pinning mechanism takes place
locally when the magnetization becomes nearly 10 G, where
}pe effect of a bulk pinning on the profile is almost the same
as that of the surface/geometrical pinning. It has been
suggestetf>’ that around 25 K, the creep mechanism of the
vortex-line system is attributable to the collective creep

nor the dependence @fon the oxygen stoichiometry. An- theory, which W.OUId eXp'a'T‘ the Increasing act'lvat!on bqr
rier with decreasing magnetization, i.e., increasing induction

other promising theory, which involves generalizing the B. On the contrary, the surface/geometrical barrier is ex-

Lindemann criterion not only to the elastic energy but also to L N
the pinning energy. predict)s/ values close o &g?;”:o pected to decrease with increasing inductit’*® The Ty,

andBSpoc(l—tZ)*l in some conditions, but it is cumbersome is the temperature where this crossover in the creep mepha
> . . nisms takes place. The crossover in the creep mechanisms
to estimatec. Therefore, all these theories are inadequate t . .

akes place at first at the top of the dome-shaped profile and

explain the parametear. In any case, it seems reasonable togradually spreads all over the sample, wiiis increased
speculate that tends to zero in the limit of large, sincec If the DL terminates at a critical point, then bulk pinning

has a rather small value for the underdoped sample. We mughould vanish at a temperature above the critical point. This

postpone a more quantitative comparison with the theory Unlausible onlv in the case of the optimallv doped sample
til we have a more detailed theory and reliable estimates for- P Y P y dop pie,
the related parameters, since, for the underdoped and the overdoped samples, the

The continuity between the EL and ML is unambiguousbulk pinning seems to persist up to the temperature where

because of the change of the second peak to a cusp withtge magnetization cusp is observed. For the optimally doped

sharp edge and peak at large relaxation times and from t all_m.?IeH IL in t?ehsohd pr:jaﬁﬂ)elow B”J) ma()j/ thend to the_ |
cusp to the magnetization step with increasing temperature. /| :we. sample has good homogeneity and the geometrica
The implication of this continuity is that the two phenomena arrier ' is removed. It is suggested that the (oth above
(the second peak and the stdmve a common underlying a’?‘.‘ be'OW tqum) agrees W'th the DL, and connects to the
origin; the decoupling in the axis as has been shown by an critical point. _The continuity E.ind temperature depef.‘d?f_‘ce
experiment! It has been also showhthat some interlayer of the .boundarles near the crmca] pomtfér?esemble a tricritical
phase coherenc@ few tens of perceptstill persists above behavior as obselrve.d for the spin SYS! _r’m fac_:t, th? ob-
served critical point is not such a tricritical point, since the

the decoupling field. However, at high temperature, the de: .
coupling enables distortions of the vortex lines at point-”‘ and DL are not phase boundaries but represent crossover

pinning sites. At low temperatures, it is vortex decouplingOf pinning mechanisms. Details of the magnetic relaxation

between layers that triggers both a disorder-aided weakenin dertaé<7e nto understanq the. IL. and th? DL have been partly
of correlation of the vortex pancakes along thexis at the ported” and more details will be published elsewhere.

EL and thermal fluctuation induced loss of correlation along

the plane of weakly coupled vortex lines. The second peak

becomes sharper and smaller, then comes to a cusp as the V. SUMMARY

vortex segments relax into pinning sites with increasing re-

laxation times. This state is probably a weakly entangled The vortex-matter phase diagram of underdoped, as-

state that has been proposed for a disordered system wigfown (nearly optimally dopepand overdoped Bi2212 crys-
strong point pinning~® tals has been examined by use of a Hall-sensor array. The

first-order ML, which manifests itself as a step in magneti-
zation curves, has been detected at relatively high tempera-
tures for all the samples. The position in the field of the
second peak in magnetization at low temperatures has been
Finally, we discuss the depinning temperatligg and the  determined definitively from the relaxed magnetization near
irreversibility field B;,. Until now, various characteristic the sample edge after a sufficiently long waiting time. At
phase boundaries in a solid phase below the ML-EL havéntermediate temperatures, for the underdoped and optimally
been suggested to occur near 38—45 K from ac respdnsedoped samples, either the second peak or the magnetization
and near 2032 K from static magnetizatidri® This varia-  cusp that connects to the step, has been observed at the same
tion is probably due to differences in the definition of the temperature and the same field but in different experimental
characteristics as well as relaxation effects. In the presenime scales. It has been demonstrated that in all the samples
work, the observed 4, agrees very well with those in Ref. the onset field of the second peak, which is interpreted as an
17, when we use the same definitions as in Ref. 17 and thEL, connects continuously with the ML. The ML for the
data near the sample edd&;, may be the temperature asso- three samples corresponds to a single curve when a scaling

of the 3D—2D crossover transition. However, this thédry
does not include the temperature-dependent tetfn The
temperature-dependent transition has been discussed in t
context of entanglement theSry or the “&l-pinning”
theory! However, the entanglement thebrfils to predict
the temperature dependence n€ar0 for the highly aniso-
tropic case; also it includes some parameters that are difficu
to estimate such as a pinning energy,j or a disorder pa-
rameter(A). On the other hand, thél -pinning theory, which
gives By (1—t%) 12, explains neither the large value of

C. Crossover between the vortex-depinning characters
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of (TA—T?)/TcTA%y? (\ is the penetration depth andthe  relaxation have been emphasized to clarify these phase
anisotropy constapis used against the inductid consis- boundaries.
tent with the decoupling theory. The EL is well fitted By

«(1+cT?)/y?, with ¢>0, suggesting a presence of dimen-

sional crossover. The positions of the DL and the irrevers-

ibility line IL, measured by temperature sweep and field We are thankful to T. Tamegai for useful discussions on
sweep, respectively, are found to depend on the time scale €dbrication of micro-Hall sensors. We would like to thank K.
the sweep rate, suggesting that they represent crossovers i§gka for his help in the crystal growth and T. Yanagisawa for
tween two different vortex-creep mechanisms. Only thecritical reading of the manuscript. One of the auth@sR.)
ML-EL is proposed to be the real phase boundary. The imacknowledges NEDO and ISTEC. Another authgrM.)
portance of the spatial profile of the magnetization and itshanks JRDC for support.
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