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The vortex-lattice phase transitions in,Bi,CaCuyOg crystals with various oxygen stoichiometry are
studied using local magnetization measurements. Three new findings are reported: The first-order phase
transition line at elevated temperatures shifts upward for more isotropic overdoped samples. At lower
temperatures another sharp transition is observed that results in enhanced bulk pinning in the second
magnetization peak region. The two lines merge at a multicritical point at intermediate temperatures
forming apparently a continuous phase transition line that is anisotropy dependent.

PACS numbers: 74.60.Ec, 74.60.Ge, 74.60.Jg, 74.72.Hs

The mixed state of high-temperature superconductora/ere carried out on several as-grown crystals [18,19] with
(HTSC) has a very complicated phase diagram. The natutgpical dimensions of00 X 300 X 10 um® and on two
of the different vortex phases and the thermodynamic tranerystals [19] which were heat treated in order to change
sitions between them are of fundamental interest, and athie oxygen stoichiometry [20]. The as-grown crystals
the subject of substantial recent theoretical and experimeirfrom both sources show practically identical phase di-
tal efforts [1-10]. It is generally accepted that the highagrams. The overdoped crystal (annealed@°C in
anisotropy plays a crucial role in the richness of the phasair) with T, = 83.5 K was cut t0620 X 180 X 40 um?
diagram of HTSC. Nevertheless, a systematic study of thand the optimally doped crystal (annealed &0 °C)
anisotropy effects is quite complicated and was limited savith 7. = 89 K to 600 X 300 X 15 um?. As shown in
far by the lack of a well defined phase boundary that could20], annealing in air betweefi00 and 800 °C reversibly
be monitored as a function of the anisotropy. A recent adehanges the oxygen stoichiometry. With increasing oxy-
vance in local measurements has revealed a sharp stepgan content both the axis andT,. decrease linearly with
magnetization due to a first-order vortex-lattice phase tranthe oxygen concentration. In addition, the in-plane pene-
sition in BLSRLCaCyOg (BSCCO) crystals [10]. Such tration depthA(0) decreases, from 240 to 260 nm for the
a clearly defined fundamental transition is thus a naturabptimally doped to 180 nm for the overdoped sample [21].
candidate for an investigation of the anisotropy effects iriThis change ofA(0) with oxygen content is also seen in
HTSC, and this paper presents a first study in this directiorceramic BSCCO samples [22] and reflects the increase in
Another intriguing feature of the phase diagram of manyhole concentration with overdoping. It was further shown
HTSC crystals, and BSCCO in particular, is the anomalou$23] that the ratio between the-axis andab-plane re-
second magnetization peak at lower temperatures. The asistivities at 100 K also depends strongly on the oxygen
sociated increase of magnetization with magnetic field hasontents. Both studies report a reductionpef p., by a
been attributed to surface barrier effects [11], crossovefactor of about 3 when going from optimally to strongly
from surface barrier to bulk pinning [12], sample inhomo-overdoped. These results strongly suggest that the small
geneities [13], dynamic effects [14], and 3D to 2D tran-anisotropy ratioe in the superconducting state also de-
sitions [15—17]. Our local measurements indicate that gends on the oxygen stoichiometry with overdoped sam-
very abrupt upturn in the bulk critical current occurs at theples being more isotropic. In addition, oxygen content
onset of the second peak in BSCCO. We postulate thahfluences the value of the critical current at low tem-
this behavior is triggered by an underlying thermodynamigeratures and high fields [21]. However, in the higher
phase transition of the flux-line lattice. Furthermore, fortemperature and low field region that is of interest here,
the different anisotropy crystals the two phase transitiomo observable change in pinning was obtained. The as-
lines are found to form, apparently, one continuous transigrown crystals from both sources have doping levels close
tion line that changes from first to possibly second order ato optimal(7, = 90 K), but the exact oxygen stoichiome-
a critical point. The existence of such a phase transitioiry is not known due to the vertical growth process which
at low temperatures at flux densities on the ordeHpf is very slow, abou®0.2 mm/h. The already crystalline
is unprecedented and calls for new theoretical and experpart is thus annealed at temperatures ranging between the
mental studies. melting temperatur€&d60 °C) and the water-cooled clamp,

The BSCCO crystals were grown by the traveling sol-and is dictated by the vertical temperature gradient in the
vent floating zone technique [18,19]. The experimentsir atmosphere and the thermal conductivity of the boule.
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The local magnetization measurements were performed iBy =~ apeds/[4mA(0)PT.d. Hereap = 0.1 is a uni-
applied fieldH,||z||c axis using arrays of0 X 10 um?>  versal parameter, and = 15 A is the interlayer spacing
GaAs/AlGaAs Hall sensors [24,25]. that varies by less tham1 A with changing the annealing
Figure 1 illustrates typical local magnetization loops astemperature [17,20]. Note that this equation depends on
measured by the sensors. The first-order transition [10he combination ok andA(0). Since we knowA(0) from
is clearly seen as a small positive sharp stepin— H, [21], we are able to estimate the change in anisotropy
at elevated temperatures as demonstrated for the as-growne to variation in oxygen stoichiometry. The obtained
crystal at 64 K [Fig. 1(a)] and for the overdoped crys-values ares~! = 100 for the overdoped sample (lower
tal at 70 K [Fig. 1(b)]. Figure 2 shows the mapping of anisotropy),e~! = 120 for the as-grown, and~! = 130
the first-order transition as a function of temperature forfor the optimally doped (higher anisotropy). We conclude
three crystals of different oxygen stoichiometry, i.e., dif-that the optimally doped sample has indeed the largest
ferent anisotropy. We find that the transition line shiftsanisotropy. Currently, there is unfortunately no reliable
significantly with anisotropy and moves to higher fieldsmethod for a direct quantitative measurement of such high
for more isotropic crystals. In addition, in all the crys- 1. It is interesting to note that a recent analysis of
tals the first-order transition terminates abruptly at a samthe melting behavior in layered superconductors at low
ple dependent critical point (indicated by arrows) in thefields [6] predicts a power-law dependenceBgf(T) with
range of40 to 50 K [10]. Two scenarios have been pro- a« = 1.5 and B, that scales withe/A? rather thans?/A2.
posed for the first-order phase transition, the melting ofAlso in this case, using the above estimated obur data
the vortex lattice [5] and the decoupling of the vortex-in Fig. 2 imply a similar relative variation of for the
line liquid into uncorrelated vortex pancakes [4]. In bothstudied crystals. A simultaneous and independent deter-
cases, the predicted transition line is very sensitive tanination of bothe and A(0) is therefore of major im-
anisotropye [1], and scales ag’. Therefore, the ob- portance for determination of the origin of the observed
served anisotropy effect (Fig. 2) is consistent with bothfirst-order phase transition. Note also that neither melting
theories and does not resolve this ambiguity. The tempemnor decoupling theories account for the flattening of the
ature dependence, however, should be different. Accordransition line near the critical point and the critical point
ing to the melting theory [5], an approximate power-lawitself (see Fig. 2).
behavior B, (T) = Bo(1 — T/T.)* is expected, where = We now discuss the behavior at temperatures below
a = 2. The best fit for the optimally doped crystal resultsthe critical point. As demonstrated in Fig. 1(c), a large
in a high value ofe = 2.28 and unrealistid. = 104 K.  second magnetization peak is observed at fields above
As-grown crystals givex = 1.57, T. = 94.6 K, and the  B,,(T). The magnetization changes abruptly &}, in
overdoped one results im = 1.51 and7, = 88 K. The opposite directions on increasing and decreasing fields
melting fits produce too high values of for all the sam- in contrast to the behavior &,,. Analysis of the field
ples and a sample dependemt Therefore we cannot profiles across the sample shows a transition from smooth
derive a consistent estimate ef from these fits. The dome-shaped profiles due to surface and geometrical
decoupling scenario, on the other hand, results in mucbarriers at low fields to Bean profiles due to the onset
more consistent fits as shown by the solid lines in Fig. 2.
The theory [4] predictBp(T) = Bo(T. — T)/T, where
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FIG. 1. Local magnetization loop8, — H, measured in the T K]

central part of BSCCO crystals as a functionledal magnetic

induction. At elevated temperatures a first-order transition iFIG. 2. The first-order phase transitioB, () for three

manifested by equilibrium magnetization stepBgt presented BSCCO crystals of different anisotropy. The solid lines are

for the as-grown crystal & = 64 K (a) and overdoped crystal fits to the decoupling transitioB,,(T) = Bo(T, — T)/T with

at T =70K (b). At low temperatures a sharp, possibly T. = 84.8 K, By = 946 G for the overdoped samp(é\), T =

second-order, transition is observed at the onset of the secorsd.0 K and By = 397 G for as-grown(O), and T, = 89.5 K,

magnetization peakB,, as shown for the optimally doped B, = 275 G for the optimally doped crystdJ). The arrows

crystal atT = 25 K (c). indicate the position of the critical point.
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of significant critical currents at fields abow&, [26]. in order to demonstrate that the transitiorlasally very
Several models have been proposed to explain the origisharp. When measured by X 10 um?> sensors, the

of this enhancement of critical current based on pinningpbserved width of the transition is abdlfi G, indicating

by oxygen-deficient regions [13], dynamic effects duethat the apparent width is limited by the sensor size.
to different relaxation rates in single-vortex and small-Therefore, the real width of the transition must be even
bundle pinning regimes [14], and the existence of anarrower than in Fig. 3(b). We do not resolve a step
dimensional crossover field3,p [15—17]. All these in the local magnetization associated with a first-order
models describe crossover processes in which the widttiansition. We therefore suggest that the sharp change
of the transition region is on the order of the characteristién pinning at the onset of the second magnetization peak
field at the transition. It is important, therefore, tois driven by an underlying thermodynamic second-order
determine the width of the transition over which thephase transition with a width which is at least 2 orders
critical current/. is built up. In global measurements the of magnitude narrower than the characteristic fiBlg.
observed onset of the second magnetization peak is brodle cannot exclude, though, that this is a weakly first-
[14,15] since the magnetization builds up gradually withorder transition with a magnetization step that is below
H, and reaches a maximum only when a fully penetratedur experimental resolution or obscured by the onset of
new critical state is obtained. In addition, the globalbulk pinning. To the best of our knowledge, there is
measurement averages over regions of different valuesurrently no theoretical explanation for the existence of
of B, and therefore different values df(B), across the a sharp vortex-lattice phase transition at low temperatures
sample. The use of Hall sensors, on the other hand, liftat such low fields on the order &f.; [1].

this limitation. In the Bean model [27] the field gradient Figure 4 shows the second peak lifig,(T) for three
dB./dx is a direct measure of.. In a platelet geometry crystals along witlB,,(T). The position ofBy, is strongly

the situation is more complicated [28], but, neverthelessanisotropy dependent [17] and shifts upwards for more
dB./dx remains proportional td. and hence can be used isotropic samples. We find that this shift to higher fields
for a direct evaluation of the behavior 8f. Figure 3(a) is to the same extent as the shift Bf,(T). Moreover,
shows the experimentdB, /dx in the second peak region the first-order transition terminates at a temperature below
on decreasingH,, obtained by differentiating the field which the second magnetization peak develops for each of
measured by adjacent sensoréB./dx is seen to drop the samples.B,,(T) andB,,(T) merge at two sides of the
very sharply asH, is decreased. This drop occurs atsame, sample dependent, critical point on Bh& phase
different values ofH, at various locations inside the diagram for the various anisotropies. This finding is a
crystal, starting from the edges and moving towardsstrong indication that the two lines represent, in fact, one
the center due to the nonuniform field profi (x).  continuous vortex-lattice transition that changes from first
Figure 3(b) shows the same data plotted as a functionrder to probably second order (or a weakly first order)
of local B, at each location. The striking observation of at a tricritical point as the temperature is decreased. This
overlapping curves demonstrates that the sharp drop dfterpretation is consistent with the fact that a first-order
local J. occurs whenever the local field reacheg (T)  vortex-lattice phase transition is not expected to terminate
regardless of the position. The width of the transition
is about5 G = 1.5% of By,. These measurements were
specifically made by smaller sensors,30K 3 um?’ size,
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FIG. 4. First-order transition lines,, (empty symbols) to-
gether with the second-order transiti®g, (") (filled symbols)
FIG. 3. Field gradientsiB./dx as measured by three pairs for an overdoped sample wiff. = 83.5 K (A), as-grown sam-

of adjacent sensoré um apart in the vicinity of the second ple 7. = 90 K (O), and optimally doped BSCCO crystal with
magnetization peak on decreasiHg in as-grown crystals. The T, = 89 K (O). B;,(T") was defined as the point of the steep-
transition at various locations occurs at different valuegfpf  est drop of the local magnetization peak on decreasing field as
(a), but at the same thermodynamic value of the local fieldndicated by the arrow in Fig. 1(c). The arrows indicate the
B, (b). position of the critical point.
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at a simple critical point and should be followed by athe Ministry of Science and the Arts, Israel, and the
second-order phase transition due to involved symmetrfFrench Ministry of Research and Technology (AFIRST),
breaking. The amplitude of the second magnetizatioby the Glikson Foundation, by the Minerva Foundation,
peak decreases as the temperature is increased, and Manich, Germany, by Contract CT1*CT93-0063 from the
peak becomes blurred and not very well defined close t€ommission of the European Union, and by the Dutch
the critical point, probably due to rapid relaxation of the Foundation for Fundamental Research on Matter (FOM).
bulk current at higher temperatures. This is the reason
for the apparent gap in the data in a narrow temperature
interval around the critical point (Fig. 4).
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