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Oscillatory magnetic relaxation in Bi2Sr2CaCu2O8+d
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Abstract

Time-resolved magneto optical measurements in Bi2Sr2CaCu2O8+d show oscillatory relaxation of the local magnetization. The oscil-
latory behaviour is observed in a limited range of temperatures and fields below the vortex order–disorder phase transition line. We
ascribe this phenomenon to coupled effects of thermally activated flux creep and annealing of transient disordered vortex states injected
into the sample during field increase.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetic relaxation in high temperature superconduc-
tors has been the subject of numerous experimental and
theoretical studies [1]. In general, the magnetization, M,
and the induction, B, change monotonically with a decreas-
ing rate, as expected for a system approaching its equilib-
rium state. A distinct behaviour was recently observed [2]
in local magnetic measurements in Bi2Sr2CaCu2O8+d

(BSCCO) crystals for inductions below the order–disorder
vortex phase transition, Bod. Namely, the relaxation of the
local magnetization starts at a slow rate, it then accelerates
for a short period of time, after which a slow relaxation
rate is resumed. The accelerated rate was attributed to
annealing of transient disordered vortex states [3–5]
injected to the sample through inhomogeneous surface bar-
riers during field increase [6]. The slow relaxation rate,
before and after the acceleration, reflects ordinary ther-
mally activated flux creep process in the disordered and

quasi-ordered vortex phases, respectively. In this paper
we show that under certain conditions, the annealing and
the ordinary thermally activated flux creep processes may
couple to produce oscillatory behaviour of the local induc-
tion B. A similar oscillatory behaviour was recently
reported [7] for BSCCO crystals near a stripe-like defect
[8] commonly found in BSCCO crystals grown by the float-
ing zone technique [9]. Here we show that the proximity to
such a defect is not a necessary condition for the generation
of the oscillatory behaviour. Nevertheless, inhomogeneity
in Bod, as well as certain temperatures and field conditions,
are required for the generation of local induction
oscillations.

2. Experimental

Flux oscillations were observed in a series of BSCCO
single crystals grown by the floating zone method [9]. Here
we present new results obtained in a 2 � 1 � 0.03 mm3

crystal exhibiting Tc � 92 K and local vortex order–disor-
der transition induction Bod ranging between 380 and
450 G. The sample was zero-field-cooled (ZFC) to a target
temperature and was then subjected to an external field
of 100–600 Oe (rise time < 50 ms) applied parallel to the
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crystallographic c-axis of the sample. Magneto optical
images of the induction distribution were taken using an
iron-garnet indicator with in-plane anisotropy and a high
speed CCD camera with a maximum frame rate of 25 Hz.

3. Results

Induction oscillations were observed in a small area
located approximately 350 and 450 lm from the long and
short edges of the sample, respectively as portrayed in
Fig. 1. We note that the oscillations were measured in a
vicinity of a small (approximately 150 � 20 lm2) stripe
defect, stretched from the sample edge inward, also shown
in Fig. 1. This defect was detected magneto optically but
could not be observed visually. Local magneto optical mea-
surements reveal inhomogeneous distribution of Bod, with
values close to 400 G in the immediate vicinity of the
defect, lower by approximately 50 G than in the region
where the oscillations are observed. Fig. 2 depicts the time
dependence of the local induction for various external
fields between 375 and 532 Oe, measured at 22 K. While
the B(t) curves above 495 Oe and below 375 Oe exhibit
the conventional, monotonic relaxation, the intermediate
curves exhibit oscillatory behaviour. Note that the oscilla-
tions set in only �0.5 s after the field is applied, allowing a
certain induction level to be reached. The period of oscilla-
tions increases with time while the amplitude exhibits a
non-monotonic behaviour, decaying at long times.

Fig. 3 exhibits the time dependence of the local induc-
tion for various temperatures, measured at the same loca-
tion, for an external field of 457 Oe. Evidently, the
oscillations are limited to temperatures above 19 K and
below 22.5 K. A time delay is observed between the
moment that the external field is applied and the onset of
the oscillatory behaviour, in accordance with the data of
Fig. 2. Also, the oscillation amplitude exhibits non-mono-
tonic behaviour while the period increases with time.

4. Discussion

Figs. 2 and 3 demonstrate that the oscillatory behaviour
is observed in a limited range of temperatures and fields.
Based on similar data for a wide range of temperatures
and fields, we conclude that the range of existence of oscil-
lation is a narrow strip in the B–T plane, slightly below the
order–disorder vortex phase transition line and it is
included in the region of existence of transient disordered
vortex states (see e.g. Fig. 1 in Ref. [5]). In the following
we argue that the oscillatory relaxation involves ordinary
flux creep and annealing of transient vortex states.

The relaxation process is governed by the equation [10],
oB/ot = �coE/ox = (c2/4p)[o/ox(DfoB/ox)], where the dif-
fusion coefficient, Df ¼ RfðJ=J cÞU0=T , is inversely propor-
tional to the critical current Jc and Rf is the flux flow

Fig. 1. Magneto optical image showing a 0.6 � 1 mm2 part of the sample,
focusing on the region where vortex density oscillations are observed.
Note the defect, indicated by an arrow and visible only magneto optically,
that is stretched from the right edge. The oscillatory behaviour is
obsereved in the area left to the defect.

Fig. 2. Time dependence of the local induction for the indicated external
fields, measured at 22 K. (For interpretation of the references to colors,
the reader is referred to the web version of this paper.)

Fig. 3. Time dependence of the local induction for the indicated
temperatures, measured for external field of 457 Oe. (For interpretation
of the references to colors, the reader is referred to the web version of this
paper.)
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resistance. For a homogeneous vortex state (ordered or dis-
ordered), the electric field E is a monotonic function of
time and location giving rise to a monotonic increase of
the local induction B with a decreasing rate. Thus, the
oscillatory behaviour of B with time must be associated
with a periodic transformation in the vortex state, from
ordered to disordered state and vice versa. This transfor-
mation results in an oscillatory behaviour of Jc (from a
low to high value, respectively) and Df, and consequently
oE/ox changes sign periodically. Such phase oscillations
can occur in a certain region of the sample characterized
by a higher Bod relative to its surrounding. A transient dis-
ordered vortex state initially injected into this region
anneals faster, drawing vortices from its surrounding.
(The ordered state is characterized by lower current den-
sity, i.e. shallower induction profiles and thus higher aver-
age induction.) This accelerates the relaxation process
resulting in a faster increase in B. The accumulation of vor-
tices in this region continues until the induction gradient
oB/ox changes sign (when the annealed area becomes
ordered relatively to surrounding), resulting in an expul-
sion of the vortices from this region to the surrounding
and the vortex state is again disordered. This disordered
state starts annealing once again, and the process repeats
itself. The time period of the oscillations increases because
as the average B increases, approaching Bod, the annealing
and the relaxation processes slow down.

The above scenario of oscillations between ordered and
disordered vortex states is supported by the phase relation-
ship between the waveforms of B and j � oB/ox shown in
Fig. 4. This figure presents the time dependence of B and
oB/ox for T = 22 K and H = 457 Oe. While the oscillations
period of both j � oB/o x and B are correlated, B and oB/
ox are in anti-phase, indicating that high and low current
density states correspond to low and high level of local
induction. As low (high) j characterize the ordered (disor-
dered) state, this observation indicates that the oscillations

between low and high B correspond to oscillations between
disordered and ordered states.

We turn now to explain the limited region of existence of
oscillations in the B–T plane. The range of existence of
transient states [3–5] extends to much lower inductions
and much higher temperatures. As the coupled effects of
the annealing and the thermally activated creep processes
generates the oscillatory behaviour, a necessary condition
for the observation of oscillations is that both proceed in
a comparable rate. Too close to Bod, the annealing process
slows down and the thermally activated creep dominates.
At low inductions the annealing is much faster than the
conventional creep and it dominates the behaviour. Simi-
larly, at low (high) temperatures, the annealing (creep) rate
is larger. Oscillations are observed only in a narrow tem-
perature region where these rates are comparable.

5. Conclusion

In the presence of transient disordered vortex states, mag-
netic relaxation proceeds via two mechanism: The conven-
tional thermally activated flux creep and annealing of the
disordered states. Coupling of these two processes through
the critical current may produce time oscillations in the local
vortex density. Such oscillations may be ignited in a region
characterized by a higher transition induction Bod, relative
to that of the surrounding. The oscillations are limited to
temperatures and inductions where the thermally activated
creep and the annealing rates are comparable.
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