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Nucleation and Growth of a Flux Instability in Superconducting YBa;Cu3;07 -, Films
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(Received 24 June 1993)

Using a high speed magneto-optic technique we have investigated the dynamics of a new flux instabili-
ty in thin superconducting YBa;Cu3O7—, films exposed to an external magnetic field of several 10 2 T.
The instability was nucleated by a 5 ns laser pulse, which heated a small spot of the sample in a region of
high shielding currents. Two subsequent regimes in the development of the instability are discovered,
which give rise to strikingly different flux distributions. The formation of flux branches, which are
characteristic for the second stage, occurs on a time scale of a hundred nanoseconds.

PACS numbers: 74.60.Ge, 74.60.Jg

Flux dynamics in superconductors is a long-standing
topic, which is still of considerable current interest [1].
Since the penetration of magnetic flux is of fundamental
importance for the superconducting properties of a sam-
ple, it has been studied in numerous investigations, in
particular in conventional type Il superconductors [2].
The motion of flux lines in these materials depends cru-
cially on the presence of pinning centers, which lead to
flux gradients inside the superconductors as described,
e.g., by the Bean model. Since these field distributions do
not correspond to an equilibrium distribution of the flux
line lattice, the system can eventually become unstable,
and flux enters the sample in momentary events in the
form of “flux jumps” [3,4]. For massive samples on a
millimeter scale the characteristic time for the redistribu-
tion of flux following such an instability has been found
to be in the range of milliseconds [4].

In this Letter we report on the dynamics of propaga-
ting magnetic flux fronts resulting from an instability in
thin films of the type II superconductor YBa;Cu3;O7—,.
In contrast to most earlier studies of flux jumps, we have
artificially triggered the instability by a local perturbation
of the superconducting state, using a focused laser pulse.
The measurements not only yield propagation speeds of
the flux fronts 5 orders of magnitude larger than for mas-
sive samples, but also show for the first time two striking-
ly different regimes of pattern formation in the flux distri-
bution.

Our YBa,;Cu3;O7-, samples were epitaxial c-oriented
films with a thickness of 300 nm, deposited on 1Xx1 cm?
LaAlO; substrates by laser ablation [5]. The measure-
ments were carried out in an optical cryostat equipped
with a superconducting magnet. The direction of the
magnetic field was perpendicular to the sample plane. In
order to detect the flux distribution in the sample we used
a reflection magneto-optic technique, with a EuS film
evaporated onto a glass plate as the active element [6,7].
An additional 100 nm thick Al layer covering the back
side of the detector film improved the reflectivity [7].
The whole stack was spring loaded against the sample in
order to keep the gap between the superconductor and the
EuS/Al film down to the order of a um.

The sample in general was zero field cooled and during
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the measurement was immersed in superfluid “He at 1.8
K. As a magnetic field was applied, the evolution of the
flux distribution in the sample was recorded with a video
camera using a standard magneto-optic setup and a 3
mW He-Ne laser (wavelength A =633 nm) as a light
source, at a spatial resolution better than 10 um. The
field was typically increased up to a few 10 "2 T, where
flux entering from the sample edges roughly filled several
ten percent of the film area, leaving a large portion of the
sample in the Meissner state [7].

In order to perturb this state and to initiate the mag-
netic instability, a pulse of a frequency doubled Nd:YAG
laser (A =532 nm, FWHM 7 ns, energy up to 5 mJ) was
focused onto the superconducting film from the back side
through the (polished) LaAlOs; substrate. The laser
focus with a diameter of 50 um could be positioned deli-
berately on the sample surface, so that the nucleation of
the instability could be started from various spots of the
film. At the laser energies used here the sample tempera-
ture in the focus, although not measured directly, sup-
posedly rose above the critical temperature of the super-
conductor (7, =92 K).

As it turned out in the course of the experiments a
rather high temporal resolution was required to resolve
the rapid development of the flux jumps in our films. A
double pulse technique was applied to achieve this goal
[6]. Part of the Nd:YAG beam was separated by a beam
splitter, passed through a variable delay line of several 10
ns, and frequency shifted to A =635 nm (details are de-
scribed in Ref. [6]). This pulse was fed into the
magneto-optic light path to illuminate the EuS film at a
well-defined time delay after the instability had been trig-
gered, and thus provided a momentary snapshot of the
flux distribution which was also recorded by the video
camera. The cw He-Ne source was blocked for a few
video frames before and after the laser pulse.

We first present in Fig. 1 examples for the steady state
patterns of a YBayCu3zO;—, film in a constant external
field, Bexy =60 mT in this case. Figure 1(a), taken before
the Nd:YAG shot, indicates some penetration of flux at
the sample edges (white regions), whereas the central,
dark area represents the Meissner phase. Its overall
shape is a typical field penetration pattern as shown be-
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FIG. 1. Laser-induced changes in the magnetic flux distribu-
tion of a thin YBa;Cu3O7-, film. Bright regions correspond to
the Shubnikov phase and dark regions to the Meissner phase.
The sample size is 1 X1 cm? (a) Flux distribution before the
laser pulse (T=1.8 K, Bexx =60 mT). A major part of the sam-
ple is in the Meissner phase. (b) Change of the flux distribution
after laser heating a spot in the sample center. (c) Change of
the flux distribution after laser heating a spot (position indicat-
ed by the white arrow) close to a weak region, where some flux
had already penetrated.

fore [7]. It should be pointed out that due to the small
film thickness comparable to the London penetration
depth (~150 nm), large shielding currents with current
densities close to the critical current density j. of about
2% 107 A/cm? flow even in the Meissner phase [8,9]. Fig-

ure 1(b) shows the same film after laser heating a spot
approximately at the sample center. Although somewhat
difficult to discern, a rather large portion of the former
Meissner region now displays an increased, nearly con-
stant light intensity— and hence the presence of a perpen-
dicular magnetic field—indicating that the laser pulse
has nucleated a large scale redistribution of magnetic
flux.

Next we started again from a field distribution as de-
picted in Fig. 1(a)—after heating the sample above T,
zero field cooling and applying Bext =60 mT—but now
the laser focus was adjusted near the sample edge, close
to a “weak spot’” where flux had already entered the film.
Although the overall contour of the resulting laser-
induced flux distribution, as seen in Fig. 1(c), is similar
to the one in Fig. 1(b), the fine structure is obviously
completely different. Instead of the more or less spatially
constant flux density in Fig. 1(b) one now observes pro-
nounced, branchlike structures with an average spacing of
0.3 mm and a width of the branches of 0. mm. On
closer inspection one can also distinguish in Fig. 1(c) an
area of about 0.5 mm radius around the nucleation spot
with a structureless flux distribution without branches.
This is a first hint that flux motion triggered by the laser
pulse actually develops in two steps [10]: (i) First, a per-
turbation grows in the Meissner phase around the nu-
cleation spot in a roughly isotropic way, forming a region
where flux, accumulated at some weak parts of the film
before, is afterwards distributed homogeneously within
the perturbed area; (ii) as soon as this region makes con-
tact with the surrounding externally applied field at some
point, massive avalanchelike penetration of external flux
sets in, and branches start to spread out from the rim of
the homogeneous area.

More conclusive evidence for the hypothesis of such a
two-step process comes from the time-resolved measure-
ments to be discussed now. Figure 2 displays a sequence
of pictures taken before (2a), 56 ns after (2b), and a few
seconds after (2c) the Nd:YAG pulse. Figure 2(b) thus
represents a transient state, whereas 2(a) and 2(c) are
steady distributions. A comparison of Figs. 2(b) and
2(c) shows that already after t =56 ns the flux structure
has nearly reached its final size. Nevertheless, some of
the branches are not yet fully developed and apparently
still are to grow a few tenths of a mm. A series of such
recordings with variable delay times has been used to in-
vestigate the growth dynamics of the flux structures in
more detail. These studies reveal that the spatially homo-
geneous field distributions like in Fig. 1(b) develop ex-
tremely fast on a time scale which is not even accessible
with our temporal resolution of 10 ns. We therefore can
only estimate that the speed at which the front of this
phase propagates is larger than 2x10°> m/s. The propa-
gation speed of the branches, on the other hand, was
small enough that it could be determined with our tech-
nique. In Fig. 3 we have plotted results for the mean ve-
locity, {v) =1[/t, where [ is the length of the flux branches
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FIG. 2. Time evolution of the instability in the magnetic field
distribution. The frames correspond to a 4x4 mm? section of
the superconductor (7 =1.8 K, Bexx=25 mT). (a) Before the
laser pulse, (b) 56 ns after the laser pulse, and (c) final flux dis-
tribution. The width of the branches is similar as in Fig. 1(c)
(=100 um).

and t is the delay time. The data yield (¢v)=(5+2)
x10* m/s, which, for comparison, is an order of magni-
tude higher than the velocity of sound in YBa;Cu3;O7—
[111.

We now turn to possible interpretations of the observed
phenomenon. As a superconducting spot carrying large
shielding currents is heated up to temperatures where j.
has dropped considerably or is even zero, dissipation and
a redistribution of the shielding currents will take place.
We concentrate here on the second step of the instability,

2648

Number of Events

b

0 .
10° v, 10 10° 10°

s

velocity<vs{m/s]

FIG. 3. Histogram of the average spreading velocity (v) of
flux branches, derived from several recordings [as in Fig. 2(b)]
at different delay times . The quoted values were obtained
from (v)=I/t (where [ is the length of the branch pattern at
this time 7), and therefore only represent a lower limit for the
actual spreading velocity. The arrow marks the velocity of
sound vs in YBaaCu3O7—-, [11].

where more experimental information is available. Re-
garding the high propagation speed of the flux branches,
a theoretical description of the phenomenon has to rest on
the interaction of the supercurrents with the electromag-
netic field, in contrast to theories based on primarily
thermal quench fronts [2,12].

Our approach is similar to the one used by Pippard
[13] to study the dynamics of the quench front in bulk su-
perconductors. We start combining Maxwell’s and
London’s equations to the equation of motion,

A—3,/c?—I/A2—puocd,)d=0, ¢))

where A is the Laplace operator, 9,, indicates the second
derivative with respect to time, A is the London penetra-
tion depth, u the magnetic permeability, and o the nor-
mal conductivity of the material. ® stands for either the
electric or the magnetic field. The field equations for the
normal conducting state are obtained by setting //A%=0.
As a simple model, we consider a straight quench front
moving with the velocity v. A straightforward calculation
yields the decay lengths / of the fields into the supercon-
ducting (/s) and into the normal region (/,c). We obtain
lse=MA and /.= vRd, where R is the lateral sample di-
mension and d the sample thickness. Inserting typical
sample dimensions yields /pc=40 ym. Thus the mini-
mum width of any structure in the normal region must be
at least 2/, == 80 um which agrees very well with the ob-
served branch width of 100 um. In order to shed light on
the formation mechanism of the branches we have also
carried out a linear stability analysis of a straight quench
front [14]. As the calculations show, the front is stable
with respect to small perturbations, as in the case of bulk
superconductors [15]. This suggests that the branches do



not evolve from a soft mode of the straight front. In fact,
it seems that the branch number grows during the whole
quench process by repeated splitting of individual
branches, in contrast to a soft mode mechanism which
would produce a large number of evenly spaced branches
from the start. Apparently, the rather uniform spacing in
Fig. 1(c) originates from the statistics of the splitting
process. For a quantitative prediction of the front (or
growth) velocity, detailed information about the magnetic
field distribution would be required [13]. In addition,
eddy currents in the aluminum mirror adjacent to the su-
perconducting film would have to be taken into account
[4].

In summary, we have studied the evolution of a novel
instability nucleated by a laser pulse in thin supercon-
ducting films exposed to a static magnetic field. We find
two regimes: first, a process where the perturbation leads
to a homogeneous redistribution of flux over a certain
part of the sample on a time scale less than 10 ns, and a
second step, where flux entering the sample from the out-
side penetrates the Meissner phase in the form of
branches which propagate at a speed of about 5x10*
m/s. Some of the characteristics of this instability fol-
lows directly from a combination of Maxwell’s and
London’s equations; others, like the origin of the branch-
ing, require further investigations. The experiments have
been performed with a high-7,. superconductor, but we
expect similar phenomena to occur also for conventional
hard type II superconductors.
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FIG. 1. Laser-induced changes in the magnetic flux distribu-
tion of a thin YBa;Cu3O7-x film. Bright regions correspond to
the Shubnikov phase and dark regions to the Meissner phase.
The sample size is 1 x1 cm? (a) Flux distribution before the
laser pulse (T=1.8 K, Bexy=60 mT). A major part of the sam-
ple is in the Meissner phase. (b) Change of the flux distribution
after laser heating a spot in the sample center. (c¢) Change of
the flux distribution after laser heating a spot (position indicat-
ed by the white arrow) close 1o a weak region, where some flux
had already penetrated.
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FIG. 2. Time evolution of the instability in the magnetic field
distribution. The frames correspond to a 4x4 mm? section of
the superconductor (T=1.8 K, Bexx=25 mT). (a) Before the
laser pulse, (b) 56 ns after the laser pulse, and (c) final flux dis-
tribution. The width of the branches is similar as in Fig. 1(c)
(=100 um).
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