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Magneto-optical imaging of transient vortex states in superconductors
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A high temporal resolution magneto-optical system is employed to follow the crystallization process
of the quasiordered vortex state in,Bi,CaCyOg, s crystals following a sudden change in the
applied magnetic field. Two types of experiments are performed. In the first one the sample is
suddenly exposed to a steady magnetic field smaller than the vortex order—disorder transition field,
B,q. In the second type of experiment the sample is initially exposed to an external field larger than
Bo4, and then the field is suddenly reduced. The two types of experiments reveal growth of the
quasiordered state proceeding in opposite directions: from the sample center toward its edge in the
first experiment, and from the sample edge toward the center in the second experiment. This motion
enables tracing of the time evolution of the thermodynamic quasiordered vortex phase in the early
stages of its formation. €001 American Institute of PhysicgDOI: 10.1063/1.1356044

Magneto-optical(MO) imaging utilizing ferrimagnetic the field is suddenly reduced to a value belByy. The two
iron—garnet indicators with in-plain anisotropy has emergedypes of experiments reveal growth of the quasiordered state
as a powerful technique in the study of the vortex matter inproceeding in opposite directions. In this article we describe
high temperature superconductodTS).1™> In this tech- the experimental data and interpret them as revealing the
nique, an iron—garnet indicator film is placed in intimate nucleation and growth process of the quasiordered vortex
contact with the surface of the sample. Linearly polarizedphase.
light, reflected from a mirror coating the back surface of the  Figure 1 shows the time evolution of the magnetic in-
indicator film, undergoes a double Faraday rotation in theduction profiles atT=20K after a step increasérise
indicator film. The light is then passed through an analyzertime~50 mg of the external magnetic field from 0 to 380 G.
yielding a two-dimensional real time image in which the The time elapse between subsequent profiles is 100 ms. As
local light intensity is determined by the local magnetic fieldindicated by the profiles, the induction at the sample edge,
at the sample surface. Thus this technique allows a dired,~300G, is well belowB,q4. Initially, Bean-type profiles
observation of flux penetration and induction distribution inare observed, gradually evolving into equilibrium dome-
superconductors. Typical spatial resolution of this method ishaped profiles. The sharp induction step at the edges is due
a few micrometers, and typical field resolution is a fewto surface current$s.? Assuming, in addition tqs, a uni-
gauss. form bulk current density,,, the profiles of Fig. 1 may be

Recently, we constructed a MO system with enhanceditted to the Biot—Savart law. Thus one may conclude that
time resolution for the study of dynamic magnetic propertiesghe profiles of Fig. 1 describe the time evolution of a single
of HTS. Introducing a high speed digital charge coupled de-
vice camergdHamamatsu 4880-8@&nables the capturing of
25 high-quality full frames per second. From these images,
one-dimensional profileginduction versus positignacross

the sample width are extracted. We have employed this sys- 500

tem to study the crystallization process of the quasiordered

vortex state in a 1.80.7X0.03mn? Bi,SL,CaCuyOg, 5 400

(BSCCO crystaf after a sudden change of the applied mag- —

netic field. This crystallization process has been investigated o 300

in two types of experiments. In the first one, “field-step-up”

experiment, the sample is suddenly exposed to a steady mag- 200

netic field B, smaller than the vortex order—disorder transi-

tion field, B,g=450G. In the second type of experiment, 100 . - .
“field-step-down,” the sample is initially exposed to an ex- -400  -200 0 200 400
ternal field larger tham,4 for a long enough time to allow X [um]

for the establishment of a equilibrium disordered state. Then,

FIG. 1. Time evolution of the magnetic induction profiles in BSCCO at
=20 K, after a step increase of the external magnetic field, from 0 to 380 G.
3E|ectronic mail: yeshurun@mail.biu.ac.il The time elapsed between subsequent profiles is 100 ms.
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. . L . ) FIG. 3. Time evolution of the magnetic induction profilesTat 20 K, after
FIG. 2. Time evolution of the magnetic induction profilesTat 20 K, after a step decrease of the external magnetic field, from 660 to 330 G at

a step increase of the external magnetic field, from 0 to 450 G. Arrow: 01 0.26 0.46 07 1.06. 154 and 2.3 s Bold circles indicate the break
denote the locatiorx; of the breaks in the profiles. Solid lines are fits . == =< =75 2 fo 2808 2 » @nd .5 S. bBold circles Indicate the breaks

obtained using the Biot—Savart law. Inset: Time dependence of the bull! the profiles.
currentsj; (squares and j,, (circles. The solid line is a power-law fit to

in(®).
at x;, marked by the border between these two phases, can
be viewed as the front of the growing quasiordered phase.

vortex phase, namely the quasiordered phase characteriz&tie motion of the front toward the edges is now well-
by the equilibrium dome-shaped profile. understood. Since in this caBe is always smaller thaB,q,

Figure 2 shows the time evolution of the magnetic in-the ordered state progressively expands toward the sample
duction profiles at 20 K, after a step increase of the externatdges, as dictated by the thermodynamic conditions.
magnetic field, from 0 to 450 G. The induction at the sample  The absence of traces of the transient disordered state in
edge is now closer t8,4. For clarity we show here only a the data of Fig. 1 can be explained on the basis of the
few profiles, captured at the indicated times. A remarkablebservatiofi that the lifetime of the transient state increases
feature in the figure is the sharp change in the slope of thas the induction at; approache8,4. SinceB, in Fig. 1 is
induction profiles aik=x;, indicating a change in the bulk well belowB,q4, the lifetime of the transient state is shorter
current density, which appears about 0.5 s after abrupt applthan our time resolution. In order to observe the transient
cation of a magnetic field. As evident from the figure, afterstate, the field must be raised to values closeBgg, as in
its appearance the poixt moves progressively with time Fig. 2.
toward the sample edges and, simultaneously, the induction Dynamic coexistence of quasiordered and disordered
B¢ atx; increases. In contrast to the profiles shown in Fig. 1 states can also be observed in field-step-down experiments in
the profiles of Fig. 2 cannot be fitted to the Biot—Savart lawwhich the field is suddenly reduced. In a typical experiment
using a uniform bulk current density. However, assumingwe apply a field of 660 Glarger thanB,4) and wait a long
two different valuesj,, andj,, for the bulk current densities enough time for the establishment of a thermodynamic dis-
on both sides ok;, one obtains excellent fits as shown by ordered state in the entire sample. This is manifested by the
the solid lines in Fig. 2. As shown in the log-log plot in the absence of breaks in the profitsWhen this stage is
inset, the bulk currenj,,, corresponding to the part of the reached, the field is reduced abruptly to 33@u8low B, ).
profile near the edges, exhibits power-law decay with timeAs shown in Fig. 3, the profiles in this experiment also ex-
(jh=t~ 939, whereas deviations from a power-law are evi- hibit a break poink; . However, in this case, the break point
dent forj,. proceeds toward the sample center. Yet, these results can be

The break in the profile at;, which marks changes in interpreted in a similar way. When the field is reduced, the
the bulk current density and in the relaxation characteristicanduction profile is partially inverted, causing part of the pro-
indicates a dynamic coexistence of two distinct vortex statefile, near the edges, to drop beloByy. The induction is
on both sides of;. The experimental data find a natural minimum at the edges, thus the ordered phase nucleates at
explanation assuming that tteaiddeninjection of vortices the edges and propagates toward the sample center. At the
into the sample through the inhomogeneous surface barriesame time, due to magnetic relaxation, the central part of the
creates a transient disordered state of the vortex nfatterprofile decreases beloB4, allowing the growth of the qua-
Subsequent to the injection of the transient disordered statsjordered state throughout the entire sample.
a quasiordered vortex state starts to nucleate near the sample We also performed field-step-down experiments where
center where the field is minimum. The growth of this state the sample was initially exposed to a fiedchallerthanB,, .
as dictated by the thermodynamic conditions, leads to théfter waiting a long enough time for the establishment of the
coexistence of two states with different characteristics: Amuasiordered state in the entire sample, indicated by the ap-
ordered state in the sample interior and a disordered stajgarance of a dome-shaped profile, the field was then
near the edges. Consistent with this picture we observe largabruptly reduced. Despite the rapid change in the field we
persistent currents and slower relaxation near the edges, imere not able, so far, to detect breaks in the profiles; all the
dicating a disordered state. The observed break in the profilprofiles measured after the field change were smooth, indi-
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cating homogeneous bulk current. This is to be contrastetb a value close tB,q4. In field-step-down experiments a
with the breaks in the profiles of Fig. 3, where the initial field front can be observed when the initial state is disordered. It is
was larger thamB,4. A possible explanation for these differ- yet unclear to us whether the front may be observed also in
ent results may be based on the observation that the lifetimigeld-step-down experiments when the initial state is ordered.
of the transient state is shorter for smaller applied fiéMs
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