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Supercooling of the Disordered Vortex Lattice in Bi2Sr2CaCu2O81d
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Time-resolved local induction measurements near the vortex lattice order-disorder transition in opti-
mally doped Bi2Sr2CaCu2O81d crystals show that the high-field, disordered phase can be quenched to
fields as low as half the transition field. Over an important range of fields, the electrodynamical be-
havior of the vortex system is governed by the coexistence of ordered and disordered vortex phases in
the sample. We interpret the results as supercooling of the high-field phase and the possible first-order
nature of the order-disorder transition at the “second magnetization peak.”

PACS numbers: 74.60.Ec, 74.60.Ge, 74.60.Jg
It is now well accepted that the mixed state in type-II
superconductors is subdivided into different vortex phases.
In clean materials, notably single crystals of the high-Tc

cuprates YBa2Cu3O72d [1] and Bi2Sr2CaCu2O81d [2–4],
the vortex lattice undergoes a first-order transition (FOT) to
a flux liquid state without long-range order [5]. The FOT
is observed at (high) temperatures at which vortex pinning
by crystalline defects is negligible and the vortex system
can rapidly relax to thermodynamic equilibrium [3]. It is
prolongated into the low temperature regime of nonlinear
vortex response by a transition from the weakly pinned low-
field vortex lattice to a strongly pinned, disordered high-
field vortex phase [4,6,7]. This order-disorder transition
is manifest through the so-called “second-peak” feature in
magnetic hysteresis loops, a result of the dramatic increase
of the sustainable shielding current associated with bulk
pinning [4,8–10]. It was proposed that the crossover from
the FOT to the second-peak regime constitutes a critical
point in the phase diagram [3,11], which in Bi2Sr2Ca-
Cu2O81d would lie near T � 40 K. In more dirty type-II
superconductors the FOT and the critical point are absent,
and the critical current “peak effect” is found at tempera-
tures up to Tc [12]. The peak is often accompanied by
strongly history-dependent dynamical behavior of the vor-
tex system at fields and temperatures just below it, suggest-
ing that a first-order transition lies at its origin [13–15].

Among the above-mentioned materials the layered su-
perconductor Bi2Sr2CaCu2O81d has a specific interest: its
high Ginzburg number Gi � 0.01 means that vortex lines
are extremely sensitive to thermal and static fluctuations
and that the FOT and second-peak lines are depressed to
inductions lower than 1 kG. The local induction B and
flux dynamics around the transition can then be accurately
measured using local Hall-array magnetometry [3,4,9,10]
and magneto-optics. The latter technique was recently
used to image the separation of the vortex system near
the FOT in Bi2Sr2CaCu2O81d into coexisting lattice and
liquid phases [16]. In this Letter, we image the flux dy-
namics and the coexistence of the two pinned vortex phases
in Bi2Sr2CaCu2O81d near the disordering transition at the
“second peak.” In particular, we find that the disordered
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phase can be quenched to flux densities that are nearly half
that at which it exists in equilibrium. We interpret our re-
sults in terms of supercooling of the high-field phase. This
suggests that the order-disorder transition at the second
peak is of first order, and that it is the “true” continuation
of the FOT in the regime of slow vortex dynamics. By im-
plication, we propose that a putative critical point lies at a
temperature not exceeding 14 K.

The experiments were performed on an optimally doped
Bi2Sr2CaCu2O81d single crystal �Tc � 90 K� of size
640 3 230 3 25 mm3, grown at the University of Tokyo
using the traveling-solvent floating zone technique, and se-
lected for its uniformity. Previous experiments on this
crystal using the Hall-probe array technique have revealed
the disordering transition of the vortex lattice to occur at
Bsp � 380 G [10]. We have visualized the flux density
distribution at inductions B close to the transition using the
magneto-optical technique [17]. A ferrimagnetic garnet
indicator film with in-plane anisotropy is placed directly
on top of the crystal, and observed using linearly polarized
light. The reflected light intensity, observed through an an-
alyzer oriented nearly perpendicularly to the polarization
direction, corresponds to the local value Bz of the induc-
tion component perpendicular to the crystal (and to the
garnet). An external magnetic field Ha is applied perpen-
dicularly to the crystal plane, using a symmetrically posi-
tioned split-coil magnet (with L�R � 21 ms) driven by a
fast bipolar power supply (roll-off frequency �40 kHz).

Figure 1(a) shows a magneto-optical image of the crys-
tal after zero-field cooling to T � 24.6 K and the slow
ramp of Ha to 486 G. There is a bright belt around the
crystal edge, corresponding to a region of high Bz gradi-
ent, and, visible under the sawtoothlike magnetic double-
domain-wall structure in the garnet, an inner region with
little contrast, indicating a plateau in the local induction.
The axes of the sawtooth structures are located where the
induction component parallel to the garnet film, Bk, van-
ishes [18], in this case at the boundary between regions of
zero and nonzero screening current in the crystal. There
is a large screening current in the regions limited by the
“upper” and “lower” crystal edges and the domain walls
2000 The American Physical Society
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FIG. 1. (a) Magneto-optical image of the flux distribution on
the surface of the Bi2Sr2CaCu2O8 crystal after zero-field cooling
to T � 24.6 K and the slow ramp of the applied field to Ha �
486 G. (b) Profiles of the magnetic induction Bz at successive
Ha values during the field ramp, taken along the white line in
(a). The step in Bz at the crystal edges is the result of the
edge barrier current [20]. The small irregularities in the center
correspond to magnetic domain walls in the garnet film, visible
as the “sawtooth” structures in (a).

in the garnet; in the “bright belt,” it produces a gradient
in Bz , while near the domain walls it leads to a gradient
only of Bk (see also Ref. [19], Fig. 12). Calibration of the
intensity shows that the plateau induction equals that ex-
pected at the transition, Bsp � 380 G.

The evolution of the Bz profiles at successive values of
Ha during the ramp is shown in Fig. 1(b). At small fields,
one has a comparatively large step in the induction at the
crystal edges, and a dome-shaped flux distribution in the
crystal interior. Such profiles occur when the screening
current, due to an edge barrier against vortex entry, is much
greater than the bulk current, which is the result of vortex
pinning [20,21]. The domelike profile moves up to higher
induction values as field is increased; its evolution stops
when, in the crystal center, Bz reaches Bsp � 380 G (for
Ha � 427 G). As Ha is increased further, the flux profile
flattens out, i.e., Bz becomes constant throughout the crys-
tal as the high-field vortex phase spreads outward from the
crystal center. As a result, the slope ≠Bz�≠Ha becomes
equal to the Meissner slope [10]. At Ha � 444 G, the
whole crystal is in the high-field state, and new flux (vor-
tices) penetrates from the edges; it cannot, however, accu-
mulate in the crystal center but adopts the linear gradient
characteristic of the pinning-induced critical state [22].
This indicates that, at this temperature, field, and field
ramp rate, the pinning current is comparable to or greater
than the edge current, giving rise to the “second-peak fea-
ture” in the magnetic moment [4,6,10].

Figure 2(a) shows the relaxation of the flux profile after
a rapid decrease of Ha from 500 to 120 G, at T � 23 K.
The flux profile before the field decrease is similar to that
in Fig. 1 for Ha � 486 G: the “critical state” fronts of the
high-field phase have not yet penetrated the whole crystal
so that the induction in the crystal center is nearly con-
stant: Bz * Bsp; the internal induction is lower than the
applied field because of the combined screening by the
edge barrier current [20,21] and by the high-field phase.
When Ha is suddenly decreased, the sample initially fully
screens the field change �t � 0.16 s�. From t * 0.32 s
onwards, vortices leave the sample. The flux profiles dis-
play three distinct linear sections with different gradients,
corresponding to three mechanisms opposing vortex mo-
tion and exit. The gradient nearest to the edges corresponds
to the barrier current [20,21]; the two gradients in the bulk
correspond to the (rapidly decaying) screening current in
the low-field vortex lattice phase and the (nearly constant)
current in the high-field disordered vortex phase, respec-
tively. The phase transformation line, at which one passes
from the low-field to the high-field current, progressively

FIG. 2. (a) Relaxation of the flux profile at T � 23.0 K after
the application of an external field Hmax

a � 500 G and its succes-
sive rapid decrease to 120 G. One observes three slopes ≠Bz�≠x,
corresponding to the edge current (near 30 and 260 mm) [20],
and to bulk screening currents in the low-field and high-field
vortex phases, respectively. (b) The same as (a), but after field
cooling from T � 28 K in Hmax

a � 383 G. Now there are two
linear sections corresponding to the edge current and the relaxing
critical state established in the low-field phase only.
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moves to the crystal center, until the whole crystal is in the
low-field phase at t * 10 s. We note that these features are
not observed if one prepares a similar initial flux profile
with a central plateau of Bz , Bsp [Fig. 2(b)]. There are
then only two distinct gradients corresponding to the edge
barrier and the screening current in the low-field phase.
These results unambiguously demonstrate that the region
of constant flux density Bsp in the sample center, obtained
during a slow field ramp (Fig. 1), is in the high-field phase;
namely, it responds to an external field perturbation by de-
veloping the corresponding screening current. Moreover,
the current at any point in the crystal depends on the history
of the vortex system. This is well seen at, e.g., 100 mm
and Bz � 250 G: if this induction is attained by a quench
from the high-field phase, the current is equal to that usu-
ally observed for Bz . Bsp . If, during the experiment, the
vortex system did not undergo the phase transformation to
the disordered state, a current characteristic of the low-field
phase is observed.

Note that the central part of the crystal (Fig. 2) that
exhibits the electrodynamic response characteristic of the
high-field disordered phase does so at inductions well be-
low Bsp , at which this appears under quasiequilibrium con-
ditions (as in Fig. 1). Apparently, when the field is rapidly
decreased, flux exit through the relaxation of the low-field
vortex lattice around the sample periphery occurs much
faster than vortex motion through the phase boundary.
Because of this, the high-field phase is quenched: here, to
inductions nearly half Bsp . A similar situation occurs if
one rapidly increases the magnetic field from zero to a value
much above Bsp (Fig. 3). Again, the crystal initially
screens the field change perfectly. When vortices enter
the crystal, they are in the disordered state. Only when
they move sufficiently far into the interior does the phase

FIG. 3. Relaxation of the flux profile on the crystal surface
at T � 24.0 K, after the sudden application of an external field
Hmax

a � 560 G. For t . 0.44 s, the profiles display three slopes
≠Bz�≠x, corresponding to the surface barrier current, and bulk
screening currents in the high-field (outer) and low-field (inner)
vortex phases, respectively. This is best seen at t � 0.60 s (thick
line). The irregularities near the center are again due to the
domain walls in the garnet film.
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transformation to the ordered vortex lattice state take
place. The formation of the critical state and the ensuing
decrease of the induction, from Bz � m0Ha . Bsp near
the edge to Bz ø Bsp near the center, impose the presence
of the phase transformation line in the sample interior.
This is visible in Fig. 3 as the change in ≠Bz�≠x near 90
and 240 mm. The induction at which the transformation
takes place is again lower than Bsp , i.e., the high-field
phase is now quenched as it penetrates from the sample
edge, in this case to an induction �200 G. As the
induction gradient in the high-field phase relaxes due to
thermally activated flux motion, the phase transformation
line moves from the crystal edges towards the crystal
center. In contrast to the dramatic quenching of the
disordered phase, we did not, in any experiment, obtain
unambiguous indications that the low-field state can be
prepared at B . Bsp .

The above observations have important implications for
the vortex phase diagram in Bi2Sr2CaCu2O81d and other
layered superconductors. First of all, it is shown that the
phase boundary between the low-field lattice phase and the
high-field disordered vortex phase is, to within our spa-
tial resolution ��10 mm�, sharp, and that its position can
be readily identified by the difference in shielding current
density developed by the two phases after a field pertu-
bation. The phase transformation line can, depending on
the ratio of these currents, move inwards from the crys-
tal edge, which happens at relatively low temperature or
large field sweep rates (Figs. 2 and 3), or outwards from
the crystal center, at higher temperatures near the reported
“critical point” [3] or during slow field ramps (such as in
Fig. 1). In the latter case, any small “external” field per-
turbation is screened by the high current developed by the
disordered vortex phase, so that the induction in the crystal
center is held constant and equal to Bsp (as in Fig. 1). This
notably holds for the discontinuous change of the equilib-
rium flux density DB, associated with the entropy change
DS � DB≠Hm�≠T at the FOT [3] (Hm is the FOT field),
which apparently vanishes at T � 40 K. Our results give
a natural explanation for this, without the need to invoke
the presence of a critical point in the phase diagram: DB
cannot be observed, because it is perfectly screened by
the pinning “critical” current developed in the disordered
high-field phase. In other words, thermodynamic equilib-
rium can no longer be achieved, because, for T & 40 K
[23], the high-field phase is pinned on the typical experi-
mental time scale. The extra vortices needed to satisfy the
constitutive relation B�H� cannot enter the region where
the high-field phase is present.

Further support for the absence of a critical point near
40 K is given by the quenching experiments of Figs. 2(a)
and 3. The flux distributions shown in these plots cor-
respond to the coexistence of the ordered low-field vor-
tex lattice state and the disordered high-field phase. The
latter is metastable since it exists at inductions that are
much smaller than Bsp . We interpret this observation as
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supercooling of the disordered state, which in turn sug-
gests that the transition at Bsp is of first order. Further,
the continuity with the high-temperature FOT [4] implies
that it is simply the continuation of the “lattice-to-liquid”
transition into the regime of slow vortex dynamics. The
observation of the present features at temperatures down
to 14 K, below which the second peak cannot be observed
at ordinary experimental time scales, means that, if a criti-
cal point exists, it should lie below 14 K. This would be in
agreement with the vortex glass transition line of Ref. [24],
the low-field extrapolation of which was found to intercept
Bsp around the same temperature.

We point out that the possibility of phase coexistence
should be taken into account in magnetic relaxation experi-
ments in the peak effect region, especially those triggered
by a decrease in the applied magnetic field. In such ex-
periments, the decay rate of the global magnetic moment
and of the local induction will be determined by no less
than four contributions: the relaxation of the surface barrier
current, flux creep in the low-field and high-field vortex
phase, and the rate at which the vortex lattice recrystal-
lizes at the phase transformation line. At temperatures
below 20 K, these processes become slow and similarly
impede flux transport. Supercooling of a disordered vor-
tex phase has been previously observed in other type-II
superconductors such as a-Nb3Ge [13] and NbSe2 [14].
The anomalous flux dynamics observed in the field regime
close to but below the critical current peak [15] may find
a natural explanation in the “asymmetric” vortex response
and flux profiles introduced in transport measurements by
phase coexistence and the supercooling phenomenon.

In conclusion, we have visualized the flux distribution
in the second-peak regime in Bi2Sr2CaCu2O8. The peak
effect feature, the fact that ≠M�≠Ha � 21 below the peak,
and the vanishing of DB, associated with the FOT at T �
40 K, are the result of the pinning current in the high-
field phase, which prohibits flux entry into this phase until
the phase transformation is complete. We have observed
supercooling of the high-field disordered vortex system to
fields nearly half the phase transformation field Bsp . The
results suggest that the vortex order-disorder transition at
the second peak in Bi2Sr2CaCu2O8 is first order, and that
any critical point in the phase diagram lies below 14 K.
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