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We report on generation of spatiotemporal oscillations of magnetic flux in a Bi2Sr2CaCu2O8+�

crystal irradiated in part with 2.2 GeV Au ions. Flux oscillations are spontaneously excited after
exposing the sample to a steady magnetic field near the order-disorder vortex phase transition line.
The oscillations originate at the border between the irradiated and nonirradiated parts of the sample
and propagate into the nonirradiated region toward the sample edge. Previously reported flux
oscillations were observed in the vicinity of undefined defects in as grown Bi2Sr2CaCu2O8+�

crystals. Observation of spontaneous oscillations in partially irradiated samples present the first
attempt to generate such oscillations in a controlled manner. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3068647�

Magnetic relaxation in superconductors, due to ther-
mally activated flux creep, has been the subject of wide basic
and applied studies.1 Recently, we reported on a new relax-
ation process associated with the annealing of transient dis-
ordered vortex states to the thermodynamically favored qua-
siordered phase.2,3 These transient states, observed below the
order-disorder transition induction Bod �Ref. 4� are inadvert-
ently created by injection of vortices through inhomogeneous
surface barriers.5 Furthermore, we have shown that coupling
between thermally activated flux creep and the annealing of
transient disordered vortex states may produce spontaneous
oscillations of vortex density in space and time.6,7 These os-
cillations were observed in the vicinity of Bod, in proximity
to an ill-defined defect, and were absent in clean samples
lacking these defects. The present work describes the first
attempt to generate such oscillations in a controlled manner.
By introducing columnar defects8 in part of a
Bi2Sr2CaCu2O8+� �BSCCO� crystal, we were able to gener-
ate spatiotemporal flux oscillations, originating at the inter-
face between the irradiated and unirradiated parts, by
abruptly exposing the sample to a steady field just below Bod.

BSCCO single crystals �Tc=92 K� grown by the float-
ing zone method9 were partially irradiated with 2.2 GeV Au
ions at the linear accelerator Gesellschaft für Schwerionen-
forschung �GSI, Darmstadt, Germany�. The irradiation was
performed at room temperature and normal to the crystal
surface �ab crystallographic plane�. The range of the ions
was larger than the sample thickness, i.e., the ions were not
implanted into the crystal. During beam exposure, part of the
sample was covered by a copper mask creating a sharp bor-
der between the irradiated and unirradiated parts of the
sample �see Fig. 1�. In this paper we present typical data, for
a 2.3�0.93�0.03 mm3 sample irradiated with a
108 ions /cm2 fluence, corresponding to a matching field of

20 G �i.e., average defect distance of approximately 1 �m�.
Magneto-optical image sequences of the induction distribu-
tion were taken using an iron-garnet indicator with in-plane
anisotropy10 and a 12 bit Hamamatsu camera. In a typical
magneto-optical measurement, the sample was zero-field-
cooled to a target temperature between 20 and 30 K, and was
then subjected to an external magnetic field applied parallel
to the crystallographic c-axis of the crystal. The field was
either applied abruptly �dH /dt�3000 Oe /s� to a constant
value between 300 and 500 Oe or slowly ramped up at a rate
of 7.5 Oe/s.

Figure 1�b� demonstrates the effect of the irradiation by
showing a magneto-optical image of the sample in the rem-
nant state after being exposed to a magnetic field of 700 G at
25 K. In this image, the brighter part indicates relatively
large induction, i.e., stronger pinning due to irradiation. The
sharp border between the irradiated and unirradiated parts is
apparent.

Figure 2 shows induction profiles extracted from a
magneto-optical sequence of images acquired while increas-
ing the field at a rate of 7.5 Oe/s at 25 K. The time increment
between profiles is 2 s �i.e., a change of 15 Oe in the external
field�. The unirradiated part �left of the dashed line� exhibits
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FIG. 1. �a� Schematic of the sample partly irradiated �gray area� by Au ions.
External field is applied parallel to the crystallographic c-axis. �b� A
Magneto-optical image of the sample in the remnant state at 25 K demon-
strating the interface separating the two regions in the sample.
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dome shaped profiles below inductions of 300 G, whereas
the irradiated part exhibits Bean profiles at all inductions.
The bold curves mark the transition from dome shape to
Bean profiles in the unirradiated part, which indicate the in-
duction Bod of the order-disorder transition.11 In the irradi-
ated part, at roughly the same inductions, a transition is ob-
served from a relatively low j�dB /dx to a higher j. Thus,
the partial irradiation creates two regions of qualitatively dif-
ferent flux distribution. Flux oscillations originate at the bor-
der between these regions when the induction is in the vicin-
ity of Bod.

The spontaneous flux oscillations are demonstrated in
Fig. 3, which shows the time evolution of the flux profiles at
25 K after an abrupt increase in the external field to a con-
stant field of 460 Oe in less than 50 ms. The dashed line in
the figure marks the location of the border between the two
regions. Induction oscillations, originating at the border, are
clearly observed in the unirradiated region. In the inset of
Fig. 3 we zoom on a single oscillation as it propagates
through the unirradiated region toward the edge of the
sample. The profile exhibits a peak very close to the inter-
face, indicating flux accumulation in this region and, as a
result, the slope of the profile temporally inverted. The single
cycle spans over 60 �m over a period of 500 ms, yielding a
spatial velocity of 120 �m /s. It is important to note that the
virgin sample, prior to irradiation, did not incorporate de-
fects, which could result in flux oscillations as observed
previously.6 We also note that the magnetic relaxation at the
irradiated region behaves monotonically and does not show
any oscillations.

Figure 4 presents the temporal induction B�t� measured
at 25 K with the external field applied abruptly to a constant
value ranging from 340 to 485 Oe. The measured location on
the sample is at the center of the unirradiated region, ap-
proximately 100 �m from the irradiation border. The figure
shows that induction oscillations are generated in a narrow

range of the external field between 400 and 500 Oe. For 485
Oe the oscillations are faster but have very small amplitude.
The largest oscillation amplitude of roughly 40 G was mea-
sured for an applied field of 435 Oe. For observation of the
full time evolution of the oscillatory induction profiles, the
reader is referred to our website.12

Our experiments clearly show that the induction oscilla-
tions originate at the interface between the irradiated and
unirradiated regions, where a discontinuity in the critical cur-
rent density Jc and hence in the flux diffusivity Df �1 /Jc

occurs.13 This observation is in accordance with our previous
model for the origin of spontaneous flux oscillations.5,6,14

According to this model, the oscillatory behavior of B with
time at a certain location is associated with a periodic trans-
formation of the vortex state, from quasiordered to disor-

FIG. 2. Induction profiles measured at T=25 K at time intervals of 2 s
while the external field was ramped at a rate of 7.5 Oe/s. Dashed line marks
the location of the border between the two regions. Bold profiles indicate the
transition from dome to Bean profiles, which signifies the transition induc-
tion Bod in the unirradiated region. The static wiggles on the profiles are due
to indicator imperfections and they do not change or move with time.

FIG. 3. Induction profiles across the entire sample at 25 K measured after
field was applied abruptly to 460 Oe. Profiles are plotted in increments of
0.36 s between 0.8 and 8.5 s after application of the field. The dashed line
marks the location of the border between the two regions. The arrow indi-
cates the location at which the time sequence in Fig. 4 was taken. The
zoomed curves in the inset demonstrate a single oscillation as it propagates
with time toward the edge of the sample. The curves numbered 1 through 6
indicate profiles measured between t=1.8 s and t=2.3 s, respectively. Time
interval between curves is 100 ms.

FIG. 4. Magnetic induction as a function of time measured after applying
the external field abruptly to a constant value between 340 and 485 Oe at a
temperature of 25 K. Measured location is at the unirradiated part of the
sample approximately 100 �m away from the irradiation border �indicated
by an arrow in Fig. 3�.
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dered state and vice versa. In this transformation, two pro-
cesses of magnetic relaxation, i.e., thermally activated flux
creep and annealing of transient disordered vortex states,
take place. Exposing the sample to an external field is fol-
lowed by injection of a transient disordered vortex state into
the sample. The annealing of this transient state is faster in
the unirradiated region; consequently, nucleation of ordered
state starts at the location of lowest induction in the unirra-
diated region, leading to a flat induction profile near the in-
terface. Because of flux creep into the sample, the induction
at the interface continues to increase. The discontinuity in the
diffusion coefficient at the interface causes an accumulation
of vortices at the interface up to a point where an inverted
slope of B�x� is created. The inverted slope of B�x� reflects
relatively high current density characteristic of a disordered
vortex state. This inverted slope serves as a driving force for
flux creep in the opposite direction, toward the sample edge.
Consequently, B at the interface decreases and the vortex
state there is ordered again. This process repeats itself, how-
ever, along with each cycle B increases and, as a result, the
annealing process is becoming less and less effective, and
therefore the oscillations eventually decay.

For the first time we artificially created conditions for
generation of spontaneous flux oscillations in a supercon-
ductor. These oscillations are generated near the interface
between irradiated and unirradiated parts of a BSCCO crys-
tal. The ability to control the effect by creating artificial de-
fects allows for more in-depth future studies of this phenom-
enon.
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