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We show that excessive Pb substitution of Bi in oxygen-overdoped BSCCO-2212 single crystal further
reduces the anisotropy{/p, ratio) of the system in addition to enhancing disorder in its vortex system. These
effects have led to the suppression of first-order vortex melting as well as a peculiar second-peak effect
exhibiting a sensitive temperature dependence over an unusually broad temperature range. Our experimental
data further reveal, in a Bi-based system, the presence of a disentangled vortex liquid phase separating the solid
vortex from the entangled vortex liquid phase in thel diagram constructed from the transport and magne-
tization data.

INTRODUCTION uid phase of entangled vortic!® an additional intermedi-
ate phase of disentangled vortices may exist as the pinned
The unusually rich variety of vortex phases in tHeT vortex liquid?® This picture is further enriched by the pres-
phase diagram is one of the most remarkable features distignce of a decoupled two-dimensior{aD) “pancake” vor-
guishing the new copper oxide superconductors from théex phase at the high- and T regime. The entangle(E)
conventional type-Il superconductors. The appearance of and disentangletDE) phases are supposed to exhibit differ-
vortex liquid phase over a large area in tHeT diagram €Nt transport characteristics, and can hence be investigated

initiated intensive research on the structure and characterié0om measurements of their transport properties. While the
tics of the liquid phase as well as the true nature of the?0ssible existence of the more elusive disentangled phase

related thermodynamical transition across its boundary withas been diSCZUSSEd in previous reports on YBCO#Z3,

the solid phase. It has now been established theorefichlly BSCCO-22127and an artificial layered MoGe/Ge systéfn,
and confirmed experimentafly!? that vortex melting in a @ more concrete experimental picture have so far been re-
clean sample is a first-order transition, while the presence dforted in YBCO-124 only®> Obviously, additional studies
disorder is likely to change its character into a more graduate required before a more comprehensive picture of this
or second-order process. particular vortex phase emerges. _ _

It is also well known that the traditional picture of the ~ AS mentioned above, anisotropy and disorder of the high-
solid vortex phase has been greatly modified by the presende: superconductor play crucial roles in affecting the charac-
of disorder and anisotropy. It has been found necessary tgristics of the vortex solid and vortex liquid phases as well
include, in addition to the ordered vortex lattice state at lowas the vortex-melting behavior in high: superconductors. It
H and T, the less ordered or disordered glassy state at thts Well known that excessive oxygen doping generally intro-
higherH-T regime. This is further complicated by the occur- duces disorder into the crystal structtfr@and reduces its
rence of dimensional crossover at a certain boundary withilegree of anisotropy as weft:*"?*Partial substitution of Bi
the solid phasé®3-1° Studies on second-peak effects in by Pb in the system is expected to have additional effects of

BSCCO-2212 superconductors also suggest further complthe same kind>*In order to study the vortex characteristics
cations of the solid vortex phas&!’ due to those effects, we have prepared nonleaded and leaded

No less complicated is the vortex liquid phase where 88SCCO-2212 single crystals which are overdoped with oxy-
multiphase structure emerges as a result of the intricate ifd€n. The results of the characterizations and vortex phase
terplay among the thermal fluctuation effect, the pinning, andnalysis of our samples will be presented on the basis of
Lorentz forces as well as the plastic response of the vorteffansport data for the vortex liquid phase and the magnetiza-
lines in highly anisotropic superconductors. The BSCco-ion data for the vortex solid phase.

2212 superconductor, among others, offers a particularly rich

a_nd novel phenomenology of the vortex system due to its EXPERIMENT

high T, and strongly layered structure. It has thus become

one of the most intensely studied systems to date. It is theo- The single-crystalline samples of Bbr, {aCy0O, and
retically predicted that apart from the metal-like viscous lig-Bi; Py ¢St CaCyO, were grown from the corresponding
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feed rods by means of the floating zone technique in an im- 10*
age furnace of NEC SC-M15HD equipped with double ellip- L |H 7/ c-axis
soidal mirrors. The growing process for the leaded sample <= 100, 100 Oe, 500 Oe, 1 kOe, ]
was performed with a relatively higher growth rate of 0.5 S 10 2kOe, 3 kOe, 5 kOe, 10 kO J
mm/h to suppress the sublimation loss of Pb. Details of the
process are described in Ref. 29. To produce the oxygen- g, 10 ]
overdoped(OV) samples, cleaved single crystals obtained © | 10KOe 0
from a cut of the grown boules were annealed at 400 °C for < 107 ]
72 h in oxygen with a partial pressure of 2.1 atm in a sealed 10 a) J
quartz tube. This post-annealing treatment resultedig, - ] o
~77.6 Kand 65 K in a zero external field for the nonleaded 107 AARARREAS : AR
and leaded samples, respectively.
The in-plane resistive transition curveg,(p,) were = 107
measured by the standard dc four-probe method, whereas the G |
out-of-plane resistivity §.) measurements were similarly a 1077
carried out with current electrodes consisting of annular 7 ]
rings as further described in Ref. 30. These resistivity mea- a 10 kOe
surements were conducted by using a fixed current of 10 mA & {574
in an external magnetic field applied along thexis and
varied from 100 Oe to 10 kOe. The magnetization measure- 10
ment was carried out by means of a Quantum Design super- 35 40 45 50 55 60 65 70
conducting quantum interference devi@QUID) magneto-
meter(MPMS XL-5s) in the magnetic field which was also T(K)
applied along thec axis up to 15 kOe, with temperature 10°
variation in the range of 10-55 K. H // c-axis
10-4_ 0, 100 Oe, 200 Oe, 500 Oe, =
1KOe, 2 kOe, 5 kOe, 10 kOe
RESULTS AND DISCUSSION /é\ 10" ]
The data presented in Figsialand Xb) are the resistive (&) .
transition curves measured along thendb axes, respec- S 107 ]
tively, from the leaded sample, while Fig(cl is the result "’g 2| 10koe
obtained from the nonleaded sample. We have found it im- o 107 °
portant to compare the,(T) and p,(T) curves from the 10°] N AVARAN )
leaded sample, since Pb-doped BSCCO-2212 single crystals \ c)
have been reported to exhibit modulated structure alonf the 10 : . . . .
axis at doping levels below a certain vaki€! This aniso- 30 40 50 60 70 80
tropic in-plane structure is supposed to give rise to different
transport behaviors along the two different axes. The close T(K)

resemblance betwegn,(T) andpy(T) displayed in the fig- . -
ures indicates that the sample is relatively free from such %anflleé ;'Iol:'p{ﬁgz)rzsg'i\f tr?%sutlzabr; %ugl)g: megs;ur:g dortnhlaetaded
modulation effect, which may well be due to the relatively P g Pl 1 $Pol )

. : . easured on nonleaded samfep,,(T). All measurements were
gih Pb content in our sample as suggested in Refs. 29 a rformed in external magnetic field applied paraliebxis and

i ranging from 0 to 10 kOe. The arrowheads () indicate sharp
We further observe from those figures that none of th%elting transitions.

resistivity curves in the whole range of the magnetic field

feature the typical sharp drop associated with first-order vor- It is interesting to note, on the other hand, that shoulder
tex melting such as those commonly found in the YBCO-123structures indicated by changes of slope are clearly visible on
(Refs. 6, 7, 32 and 33and nonleaded BSCCO-2212 hothp,(T) andp,(T) in Figs. Xa) and 1b), respectively, in
samples?**~*including those overdoped with oxygéh. particular at higher magnetic fields. This commonly shared
For comparison, we have also presented in Fi@) the feature of the two sets of transport data, in conformity with
pan(T) curves of our nonleaded sample. The sharp meltingheir generally close resemblance mentioned earlier, is thus
feature is clearly visible foH=<1 kOe, in agreement with supposed to be intrinsic in nature. This shoulder structure has
result reported previousR/. Apparently, the additional pres- been theoretically predicted as an indication of crossover be-
ence of Pb has introduced additional disorder such that votween a pinned vortex liquid and unpinned vortex liquid,
tex melting as seen in Figs(a and Ib) has become a more which would otherwise show up as a sharp kink for a
gradual process instead of a sharp first-order transition ohdisorder-free sample®° A similar feature has been reported
served in cleaner samples. In this case it is more appropriaia YBCO-123 (Refs. 7 and 2Rand BSCCO-2212 These

to speak of the irreversible temperaturg, determined by two liquid regimes were either assigned as the TAFF and FF
the “finite-resistivity criterion” p(Ti;)/p,=10 %, which  regime° or two distinct(low and high TAFF regimes2?°
marks the border between the dissipative and nondissipativ®ne may further explore a possible correlation between these
temperature regimes. two regimes with the disentangled and entangled vortex
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FIG. 2. Longitudinal resistive transition curves(T) measured (& .
on the leaded sample in an external magnetic field applied alongthe ¢} 107
c axis with various strengths. &t
107
phases, respectively. This possibility will be examined later 10° p
in connection with the out-of-plane transport datdT). 30 35 40 45 50 55 60 65 70

The result of thep(T) measurement in the same range of T(K)

magnetic field is given in Fig. 2. In view of the close resem-

bla_nc_e_betW(_eerpa(T) and py(T), we ha_ve determlngd the FIG. 4. (a) Close-up view ofp,(T) at high fields taken from

resistivity ratioy?=p./p, from data in Fig. 1) and Fig. 2.  rig. 1(a), displaying shoulder structures and the associated cross-

The resulting curves at various fields are shown in Fig. 3. Iyer temperatures,, . (b) p(T) curves corresponding to the same

is seen thaty? varies considerably with the external mag- magnetic fields taken from Fig. 2 indicatirlEe associated with

netic field and depends sharply on temperature aroundithe p (Tz)=0. See text for explanation on the correlation between the

which is supposed to decrease at higher external field. Wevo figures.

recall that the temperature-dependent behavioy bés been

predicted theoretically for layered superconductors based osamplé®in the temperature range of 45—70 K for an external

a simple model of pancake-diffusion-induced phase slip befield varied between 0.5 d® T could be satisfactorily fitted

tween neighboring pancake layéfs.According to this by using the relationE;a (1—T/T.)? and replacing the

model, the general trend can be described by the formula B! dependence in Ed1) by B~ %% Apart from the quali-
tatively similar temperature- and field-dependent behaviors

pan  D2SPE2 shown by our data, the numerical valuemf/p, (hereforth
= o (1)  denoted byy?) determined in this experiment deviates sig-
Pe BT nificantly from Eq.(1). It shows instead a much narrower

range of T dependence at low fields, resembling a dip near
In this expression,C=/[IN(Nrg,,)IN(I'max/a)] Where  the associated, . This dip appears broadened and shifted in
I'max IS the upper cutoff of the phase coherence distaage, accordance with the lowering of the correspondihg and
=average intervortex spacingr interlayer spacing, ani;  perceptibly suppressed as the external field increases, in
is the Josephson coupling energy given bl¢;  qualitative agreement with the BSCCO data considered in
—CI)O/(4)\7)277 s, wherey is the Ginzburg-Landau anisot- Ref. 39. We note, however, that this experimental result
ropy ratio. It was shown that the data obtained from Bi-2212yields the valuey?=650-1010 at temperatures away from
the corresponding.’s, with the minimum around; given

10°F ] by y?<1 for H=100 Oe andy?=160 for H=10 kOe.
These values are generally an order of magnitude smaller
1084, than the range of? cited for clean BSCCO crystaf:*® Us-
S ing the valuesy?=650—-1010, we are led to the 2D decou-
2 10%F pling field of H,, =8.6—-13.4 kOe, according to the standard
" formulaH,p=®4/(ys)?.
N> 10 In order to address the issue of the possible correlation
0 between the shoulder structure and the presence of a pinned
10°F vortex liquid, we show in Figs. @) and 4b), respectively,
10" . . . . . the close-up views of two high-fielal,(T) curves, each from
30 40 50 60 70 80 90 Fig. 1(a), and two high-fieldp.(T) curves from Fig. 2. As

T (K) described in Fig. @), the crossover temperaturd ) is
determined as the point where a change of slope occurs on
FIG. 3. Temperature dependence of the resistivity ratio meapa(T). It is remarkable to observe the near coincidences at
sured on the leaded sample at various external magnetic fields apoth fields betweed, and Tg, the temperature wherg,
plied parallelc axis. =0 which marks the disappearance of dissipation for longi-
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FIG. 6. Vortex phase diagram of oxygen-overdoped
Bi, Phy 6511 sCaCyO, single crystal, derived from transport and
magnetization data as explained in the text. The dotted, dashed, and

solid lines are results of the best fits with theoretical models dis-
cussed in the text.

H (kOe)

temperature dependent behaviorshbf, have in fact been

teported also on NCC(Refs. 43 and 4)4and TBCO® Itis
nderstood that the peak effect is generally associated with
e transition between the ordered vortex quasilattice and the

disordered(entangled vortex glass states. The onset of this

tudinal current flow. This occurrence pf=0 at T can be  effect atH,, is also understood to signify enhanced effec-
attributed to diminishing vortex line movement, in conjunc- tiveness of pinning due to higher flexibility of the vortex line
tion with the crossover from the entangled vortex liquid atlattice at higher temperature. This effect disappeat$gtin
higherT to the disentangled or pinned vortex liquid at lower conjunction with the destruction of 3D order due to a higher
T as predicted theoretically on the basis of 2D vortex bosorinagnetic field and higher temperature. In general, Pb substi-
model** It was argued that the condition expressed bytution and overdoping by oxygen are known to reduce an-
Hm(T)<H<[1/(3¢c,)]*Hm(T) which is well satisfied in this isotropy while introducing disorder in the meantime. The
casé’ signifies the existence of a new, truly thermodynamicsecond peak is therefore expected to better survive the ther-
phase of pinned vortex liquid with a large plastic deforma-mal fluctuation effect, and may well persist up to the vicinity
tion time scale. In a disordered sample such as the one coff T due to stronger vortex coupling and more effective
sidered here, the transition between the entangled and disepinning™ It is also reasonable to expect that, tends to
tangled phases revealed by.(Tg)=0 will be more decrease a$ approached. and merges eventually with the
appropriately described as a more gentle crossover process\étex melting line(or irreversible line in this cageln the
manifested by the weak shoulder structureifT). Due to ~ same vein, the low-temperature parttef, is found to ap-
the relatively weak shoulder structure, the coincidence bepear at a higher field compared to that observed on the non-
tweenTg and T, over the entire field range shown in Figs. leaded sample in connection with the lowgrand hence
1(a), 1(b), and 2 appears less than perfect. Nevertheless, tHaigher crossover fielth . We shall further pursue the sig-
consistent closeness between their values should constituteicance of this point in more detail in the ensuing discus-
serious indication for the correlation we set out to show. sions.

The magnetization data of the leaded sample measured at To this end, we shall concentrate on the data of the leaded
various temperatures are presented in Figa) &nd 3b). It ~ sample. These data are summarized H-& phase diagram
is observed that the second peaks are generally much broadks depicted by Fig. 6. We note first of all that a plot of the
than those observed in the nonleaded samples prepared peak effect onset fieltH,, has been added to the figure,
this experiment as well as results on a similar sample rebased on previously measured dator T>30 K and our
ported in previous work® We also note that the peak effect current data foT<30 K [Fig. 5a)]. It must be stressed that
in the leaded sample persists in a much larger temperatutee values oH,, for T>30 K cannot be determined from
range than those exhibited by the nonleaded samples menur measurement due to heavy overlaps among the magneti-
tioned above. It is further shown by the figures that the pealkation curves in that temperature range as seen in Hy. 5
field Hg, defined by the minimum in a magnetization curve The Hg, curve was readily obtained as a plot of the corre-
as denoted in the figures exhibits remarkable temperaturesponding data points indicated in those two figures. The bor-
dependent behavior, rising rapidly with decreasing temperader between the solid and liquid phases is represented by an
ture, in clear contrast to the more or less temperatureirreversible line(IL) determined from the values df,, for
independent feature exhibited by our nonleaded samplesachH in Fig. 4. Finally, the crossover line between the
confirming an earlier report on a similar sample. Thesedisentangled and entangled liquid phases is obtained by plot-

FIG. 5. Magnetization curves of the leaded BSCCO-2212 single
crystal measured in the temperature rarige 10-25 K and(b)
30-55 K. The arrowheads indicate the second-peak fields on tho
curves.
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ting the data points Tz and Hg) for p.=0 in the same

figure. - % ; :sp
Before proceeding further with our discussion, let us re- I b\\ o HT
call the expression derived by Nelsdron the basis of the 10 | ° ——+—-H:
2D boson model for the crossover line between the entangled [ Vortexglass ', 2D vortexliquid
and disentangled vortex liquid phases as given by ) [
9 I H2D 0\
1 1 f 1 _/ --------------- A Ay A A g
HE(T):HO(T_ -ITC)y 2 3 ogo0OO \\\ Entangled
L N Vortex liquld
where Hy= y£.5(0)[ ®oHea(0)]32 (AL mor®7¥?) and L is [ Vortex lattce .
the sample thickness. This model predicts that the disen- 01k b

tangled phase in thél-T phase diagram shrinks dsin- L L S S S
creases and vanishes eventuallylas . Our data can be
nicely fitted with Eq. (2) for T.,=63.5 K and H, T(K)
=1282.1 kOeK in the field rangél<10 kOe, namely,
more or less below our estimated 2D decoupling fidlg, .
However, if we adopt the valué,,(0)=3.02 nm,H,(0)
=360 kOe, andk=89.3 given by our magnetization data
and y>=1000 from our transport data, we end up with a i o o ) .
value of L much too small compared to its real value asEduating the multiplicative factor in this equation with the
already pointed out in a previous rep8ftit should be re-  value ofHj,(0) obtained above yields the resylt=758,
called in this connection that similar formulas having theWwhich is still in the same ballpark as the value mentioned
sameT dependence have been derived by Daemeal®®  earlier. o _
and Iked&’ on different grounds, with different expressions ~Moving to the lower-temperature regime in the diagram,
for Ho where the interlayer distanceappears explicitly in ~ We find a vortex glass phase bounded from the left by the
place ofL. We have found that using lkeda’s formulel,  Second-peak field linéis,(T). As seen from the figure, the
=347 uokgsy?\25(0)]), and the values=1.54 nm, asso_ua‘ged data fit extremely well with the exponential
Map(0)=270 nm, ouH, yields the resulty’=857, which is relatiorf® given by Hsp(T) = Hsoexp(—T/Tg) for Hgo
well within the range observed in this experiment. We hasteri- 34-17 kOe and’q=10.3 K. This curve clearly displays a
to stress though that this should not be taken as an indicatid§ghly sensitive temperature-dependent behavior. Addition-
favoring a 3D-2D decoupling transition instead of a DE-E ally, the second peak appears to persist in the gntlre tempera-
transition, since the region considered here lies betbyy, ture range belovﬂ'c_. In particular, azrough estimate ofzthe
and the appearance of nonvanishjngas we cross thélg ~ 3D-2D crossover fieldd;p=®o/(ys)” using the valuey
line to the right does not necessary imply the complete de= 857 leads to a value dfis, (T=10 K) which is located
coupling of the pancake vortices into a 2D system. It is perWithin the range oH,p determined in this experiment. We
haps useful at this point to refer to the work of Getyal,>° note., hovx{evgr, that .apart from displaying a general trend of
who pointed out that the presence of some pancake vortedecline with Increasing temperature, tHg,(T) data appear
correlation may persist even above the thermal decouplin% undergo a discernable change of slope arclr®5 K.
temperature, and further effects of the vortex-vortex interacAPparently only piece-wise fitting is possible fétn(T),
tion should be taken into account in all those models beforénd & coherent description is lacking from the existing mod-
a proper analysis and interpretation of the data could b&!S- This should become a subject of further study.
made. Having gone through the lengthly discussions about the
We note further that the data for irreversible or meltingneéw features in the vortex phases of the leaded sample, a
points are consistently located to the left of tHe(T) line. ~ comparation with théi-T diagram of our nonleaded oxygen-
The best fit of these data with the more or less standar@verdoped sample will be in order. For this purpose Hk&
functional forn¥**' H;,, (T)=H,, (0)(1— T/T.)™ is achieved dlagram co'nstructe.d from our data on this sample is pre-
for H,, (0)=44.06 kOe andn=1.53, which is supposed to Sented in Fig. 7. Itis clear that the diagram sharYes the same
indicate the dominance of the combined effect of thermafeatures with other results reported previoust), which
and quantum fluctuatior®:52 One observes from Fig. 5 that @lS0 pointed out the resemblance of these features with those
there is some indication of deviation from this behavior atof the optimally doped Bi-2212 crystals. We note first of all
lower temperature and higher field, similar to those reportedhat no disentangled phase appears in the diagram, as the
in BSCCO%54 TBCO* and NCCO*54 A thorough study entangled vortex liquid phase is directly bounded from its
of this phenomenon is still needed to reveal its detailed unsolid phase by the melting line. As mentioned earlier, an-
derlying physical mechanism. It is tempting at this point toOther remarkable departure from the phase diagram shown in

et al,* namely, end located at the 2D decoupling fidithy, of about 1 kOe

which is considerably lower than that in the leaded case. The
second-peak field of this nonleaded sample is terminated at

3) its low-temperature part by the zero-dimensional pinning
limit at about 20 K, while the high-temperature part-tf, is

FIG. 7. Vortex phase diagram of oxygen-overdoped
Bi, 1Snr gCaCyO, single crystal. The dotted and dashed lines are
guides to the eyes. The explanation is given in the text.

Hirr(T): > 1-—

33400 T\"™
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smoothly joined by its melting linéd,(T). In other words, netic properties of the system. The disorder effect introduced
the flatH, curve in the limited temperature region appearsin this case results in the suppression of the first-order vortex
as the border line between the 3D and 2D vortex solids. Thisnelting process commonly observed in nonleaded samples.
is in marked contrast to the highly sensitiVelependence of Meanwhile, the combined effect of higher disorder and lower
Hsp in the leaded case, which divides the solid vortex phas@nisotropy has produced broadened second peaks over an
into the quasivortex lattice and glass phases in the 3D vortedsually broad temperature range with highly sensitive
region over nearly the entire temperature range below temperature-dependent behavior hitherto unknown in non-
instead of merging with the melting line. Further, the secondieaded samples. Most remarkable of all, our experimental
peak region in thed-T diagram is much more confined in data have revealed the existence of a disentangled vortex
Fig. 7 than that in Fig. 6. These remarkably different featurediquid in the H-T phase diagram of the Bi-based system,
consistently support the view of the enhanced effectivenesgresumably due to the combined effect alluded to above.
of pinning due to Pb substitution as alluded earlier. This inMeanwhile, our data have also shown some discrepancies
turn is ascribable to the delicate combined effect, of in-with existing theoretical models and hence the need of fur-
creased disorder and anisotropy suppression. Neverthelessther studies on the experimental as well as theoretical aspects
thorough understanding of their underlying mechanism af this subject.

well as those discrepancies found in the leaded sample be-

tween our data and the existing models warrants further and ACKNOWLEDGMENTS

more detailed studies on the subject. )
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