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We study the patterns formed in the intermediate state of type-I superconducting lead �Pb� slabs close to the
transition to the normal state. Magneto-optical images reveal avalanchelike propagation of superconducting
stripes in a normal matrix when decreasing the field while they transform into superconducting bubbles when
increasing the field. Our results show that the combination of superconducting stripe width and its field
dependence is not compatible with any of the present theoretical models. The stability of the structures is
studied by modulating the magnetic field periodically in time. We find that close to the transition to the normal
state a structure composed of superconducting bubbles is closer to equilibrium than a stripe pattern. We also
observe that when the field is subsequently decreased the bubble pattern, as in other systems, transforms into
a stripe one by continuous elongation and bending and only rarely by branching.
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I. INTRODUCTION

Type-I superconductors belong to the wide variety of sys-
tems where competing interactions lead to the formation of
spatially modulated structures. Some other systems that
share this property are ferrofluids, ferrimagnetic garnets and
monomolecular amphiphilic films.1 The most common types
of morphology that are encountered are stripe and bubble
patterns. The stripes can be parallel and arranged in a peri-
odic way or in a more disordered labyrinthine structure
while, in ideal systems, the bubbles will form an hexagonal
structure. The competition between a positive surface energy
and the repulsive long-range dipolar interaction determines
the equilibrium configuration for different external condi-
tions. However, in this type of system there are several con-
figurations of similar free energy and in general the system
gets locked in one of these metastable states and truly equi-
librium is never reached. This may be aggravated by even a
small amount of spatially inhomogeneous quenched disorder.
For certain systems, the region of stability of one or other
type of structure has been calculated.2,3 Experimentally, the
transition between stripe and bubble phases has been ob-
served in many cases.1,4–6

In type-I superconductors the modulated phase consists of
alternating normal �N� and superconducting �SC� regions and
appears below a temperature dependent critical magnetic
field, Hc�T�. This phase is known as the intermediate state
�IS�. Above Hc�T� the sample is in the normal state �NS� and
consequently in an homogeneous phase. The first theoretical
treatment of the modulated phase was made by Landau7 who
assumed that a slab sample in the IS will break in alternating
straight SC and N parallel lamina. Within this model, the
period of the domain structure can be calculated as a function
of applied field. Experimentally, the Landau domain struc-
ture is obtained when the magnetic field is applied at small
angles with respect to the large surface of a slab sample
�Sharvin geometry�.8 On the other hand, when the field is
applied perpendicular to the surface of the sample the distri-
bution of flux inside the sample forms rather more compli-
cated structures.9 Very good agreement of the observed peri-
odicity of the structure with the prediction of the Landau

model has been found provided that the SC and N laminas
are reasonable parallel.9,10 Later on, Goren and Tinkham
proposed11 a theoretical model where the IS consists of an
hexagonal array of normal bubbles. From their calculation it
turned out that the bubble pattern has approximately the
same energy as the laminar structure. This result indicates
that slight variations in the sample characteristics as well as
in the path followed in the H-T phase diagram can be deci-
sive in the pattern selection process. By means of Hall probe
measurements in samples with low pinning, the authors
found11 corroboration of the temperature, field and thickness
dependence of the density of flux bubbles predicted by their
theory.

In order to make a more accurate description of the for-
mation of domains of arbitrary geometry, a current loop �CL�
model that considers the IS as a collection of current ribbons
flowing along the SC-N interfaces, was presented in Ref. 12.
In this model the self-interaction of currents in a single do-
main as well as the interaction, as in free space, between
different domains is considered. The current loop model is
able to reproduce the results of the Landau model for the
equilibrium period of straight laminae. Besides that, the in-
stabilities of a circular flux domain �a flux bubble� and of a
flux stripe are studied within this model. Very recently,13 an
extension of the current loop model has been proposed in
order to determine whether the flux stripe or bubble pattern
correspond to the equilibrium configuration as a function of
applied field. This constrained current loop �CCL� model in-
cludes the screening currents flowing in the top and bottom
surface of the sample. Within this model, the characteristic
length scales �stripe width and bubble diameter� can be cal-
culated. For H�0.8Hc the experimental values of flux
stripes width as a function of field are well described by the
model. On the other hand, the bubble diameter is only fairly
described in the limit H→0 for a variety of samples. Finally,
a transition from the flux bubble phase to the stripe flux
pattern as the field is increased is predicted consistently with
the experimental observations, as we will now discuss in
more detail.

It has been observed6,11,14–16 that an assembly of normal
bubbles that span the thickness of the sample is formed upon
flux penetration at low fields. The formation of the flux
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bubble structure, at low fields, is associated with the pres-
ence of a diamagnetic band formed at the edge of the sample
that prevents continuous penetration of flux. At higher fields,
but still well below Hc, the diamagnetic band disappears, the
bubble pattern becomes less favorable and a stripe pattern is
formed. Another characteristic of flux bubble patterns is that
the surface tension, associated with the positive interface en-
ergy between N and SC domains, prevents the formation of
very small bubbles. Magneto-optic experiments13 on Pb and
In show that the diameter of the flux bubbles is practically
field independent. This means that the size of the bubbles is
determined by the competition between the interaction of the
current flowing around the bubble and the interface energy
and is independent of the magnetic interaction between do-
mains.

In the opposite limit, that is close to the transition to the
normal state, a SC laminar pattern is observed upon flux exit
when decreasing the field from above Hc. In samples of
thickness between 1 and 10 �m �Refs. 14 and 17� threads of
SC stripes are formed abruptly when the field is decreased
while small SC domains �bubbles� are formed when increas-
ing the field. In Ref. 17 it is argued that the IS stripe pattern
formed when decreasing the field is a consequence of an
elliptical instability of bubble domains induced by long
range dipolar interactions.

Thus, it has been shown that the overall topological char-
acteristics of the observed flux patterns can be well described
using the present theoretical models. However, there are still
open questions as for example �i� what is the equilibrium
topology close to Hc �stripe or bubble�, �ii� how is the local
evolution with field or temperature of the patterns �either
stripes or bubbles� formed close to Hc, and �iii� how repro-
ducible are the observed structures. In this work we present
results on the patterns formed at fields near Hc �low SC

fraction�. We follow in detail the evolution of the structures
as the field is changed and test their stability by applying a
temporal oscillating magnetic field. Once a stable configura-
tion is obtained close to Hc, we study the influence of a
changing external field on the topology of the IS. The effects
of pinning on the observed structures are discussed.

The sample for which we present results here, was ob-
tained by flattening a Pb foil down to a thickness of 0.15 mm
and cutting it in a circular shape with a diameter of 5 mm.
After cutting to the desired dimensions, the sample was an-
nealed at 250 °C in order to remove defects possibly induced
during flattening and cutting. The critical temperature of this
sample is Tc=7.2 K. In all the experiments presented here
the magnetic field is applied in the z direction �perpendicular
to the largest surface of the sample�. By means of magneto-
optical imaging,18 maps of the local magnetic field, Bz, just
above the surface of the sample are obtained. All the experi-
ments were made at constant temperature in the range
3.5�T�6.5 K. We show only results at T=5 K since we
observed similar behavior in the whole range of studied tem-
peratures. Throughout this paper the superconducting do-
mains are shown in the images as bright regions while the
normal ones are shown dark.

II. RESULTS AND DISCUSSION

In Fig. 1 we show the evolution of the domain structure at
T=5 K as a function of decreasing magnetic field ��a�–�h��
and increasing field ��i�–�p�� after zero field cooling the
sample.19 The images correspond to fields close to the tran-
sition field Hc. At high enough fields, the sample is normal
everywhere, see Fig. 1�a�. As the field is decreased, super-
conductivity nucleates in the form of stripes �Fig. 1�b�� that
grow abruptly in apparently random directions.14,17 This

FIG. 1. �a�–�h� Patterns ob-
tained at T=5 K with decreasing
field from �0Hz=38.4 mT to
�0Hz=35.6 mT in steps of 0.4 mT
and �i�–�p� with increasing field
from �0Hz=35.9 mT to �0Hz

=38.7 mT in steps of 0.4 mT.
White �black� indicates SC �nor-
mal� regions.
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leads to jumps in the fraction of SC domains, �SC, as a func-
tion of decreasing field �see Fig. 2, filled squares�. At the
jumps, new stripes are nucleated and sometimes branching of
stripes is observed. This process finally gives rise to a glo-
bally disordered and labyrinthine structure �Fig. 1�h��. The
pattern is a result of the frustration of the system in trying to
fill the space with stripes that repel each other, in combina-
tion with pinning of already formed SC domains. If pinning
were weak then one could expect that the fraction of SC
domains would grow by curling, bending or even widening
of the already nucleated stripes. However, that is not ob-
served and instead the already nucleated stripes remain
mainly static as the field changes. The growth mechanism of
the SC phase is different from the growth process of the N
phase in the low field regime. In that case, magneto-optical
images show13 movement of flux bubbles at very low fields
and both jumping and widening of flux stripes as the density
of normal domains increases with increasing field.

It is interesting to note that the branching of stripes occurs
in such a way that only three fold vertices are formed �see
arrows in Fig. 1�f��. Similar behavior is observed in ferri-
magnetic garnet films.20 Besides branching of domains,
breaking of some stripes is also observed, see Figs. 3�a� and
3�b�. In this case the fission of the SC stripe B is caused by

the elongation of the almost horizontal segment A that
pushes �due to the repulsive interaction� the stripe B, induc-
ing the cutting and subsequently propagation of the SC do-
main in the form of a s-shaped stripe. Moreover, in a similar
way this new s-shaped segment pushes to the right the stripe
C provoking branching of that stripe. This sequence of
events is more evident in Fig. 3�c� that shows the substrac-
tion of the images shown in �a� and �b�. The small change in
the length of segment A, that causes the change in the struc-
ture, is evident as a small bright spot �S� next to the lower
left end of the new s-shaped domain.

The transition from the IS to the NS with increasing H is
shown in the sequence Figs. 1�i�–1�p�. Initially, the pattern
consists of short and branched SC stripes and some SC
bubbles. As the field is increased some branches disappear
and in other cases the fission of one single stripe into bubbles
is observed. Finally, only bubbles are left, that start to fade
away as the transition to the NS is approached. The behavior
of �SC as a function of field in this experiment is shown in
Fig. 2 �open circles�. As the system approaches the NS the
contrast in the images decreases. Thus, even though it is
possible to determine at which field the sample is in the
normal state, it is very difficult to obtain reliable values of
�SC when �SC→0.

From our experiments, and in agreement with previous
reported results,14,17 we find that the magnitude of the field at
which the first SC stripe nucleates with decreasing field dif-
fers from the value at which the last SC domain is still de-
tected with increasing field. We define the corresponding
transition fields as Hdown and Hup, see Fig. 2. The transition
always occurs at a larger value with increasing field than in
the opposite direction. Average values for our samples
are �0Hup=38.6±0.4 mT and �0Hdown=37.8±0.6 mT at
T=5 K. Thus, the width of the irreversibility region, attrib-
uted to a supercooling of the normal phase,17 is �0�H
=�0Hup−�0Hdown�1 mT. This difference seems to slightly
decrease when the temperature increases. In our case the
irreversibility region is approximately 2.5% of the value of
Hc while in the case of thin In samples17 it is of the order of
15%.

Besides the irreversibility in fields, it is observed that the
transition NS→ IS is abrupt since SC regions nucleate in an
avalanchelike manner, while the transition in the opposite
direction is smooth,10,14,17 see Fig. 2. The nucleation of SC
regions is abrupt even when the field is swept at the smallest
rate available in our experiment, �0dH /dt=1 mT/min. The
abrupt nucleation of SC domains is similar to what is ob-
served in the formation of magnetic domains in multilayers
of Co/Pt.21 In that case, a jump in the magnetization curve
has been associated with the avalanchelike propagation of
stripe domains. However, when the field is increased towards
saturation it is observed that the magnetization changes
smoothly. Numerical simulations22 in this system show that
the magnetization jumps, and the consequent avalanche pro-
cess, only occur if the disorder in the system was lower than
some critical amount. If the disorder is too large, the domains
are pinned more easily preventing the propagation of do-
mains. Analogously, we conjecture that the avalanche of SC
domains in a normal matrix can also be influenced by the
presence of defects that pin the N-SC interfaces.

FIG. 2. �Color online� Fraction of SC domains as a function of
field at T=5 K. The filled squares �open circles� correspond to a
decreasing �increasing� field experiment. The values of Hdown and
Hup for this experiment are indicated. In the increasing field experi-
ment the contrast of the images decreases as H→Hup. Thus, it is not
possible to determine unequivocally the values of �SC in that limit.
In this case, the lowest value well defined is 0.05. The dashed line
is an extrapolation of �SC up to Hup.

FIG. 3. Sequence for decreasing field from 36 mT �a� to
35.6 mT �b� at T=5 K that shows breaking of one stripe �B�. �c�
Subtraction of images �b� and �a�.
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From the sequence of images of the formation of the IS
�Fig. 1� we observe that the stripe width is roughly constant
as the field is changed. When increasing the field towards
Hup the width of the SC stripes is �39±9� �m �the error
comes from the resolution of our images� while in the de-
creasing field experiment the width is �42±9� �m. As a first
approximation the width of the SC domains can be calcu-
lated in the frame of the Landau theory for the laminar
structure.9,23 In this simple model the terms considered in the
calculation of the free energy are, the wall energy associated
with the interfaces, the energy of the nonuniform magnetic
field outside the SC and an excess in energy due to the
broadening of the normal domains at the surface of the
sample. From the minimization of energy the period of the
domain structure is

a = ���T� · d/f�h��1/2, �1�

where ��T� is the interface width or wall energy parameter, d
is the thickness of the sample, h is the reduced field defined
as H /Hc and f�h� is a function that has a peak at h�0.5 and
goes smoothly to 0 for h→0 and h→1. The limiting form of
this function close to h=1 is23

f�h� =
ln 2

�
�1 − h�2, �2�

a can be expressed as a function of the width of N and SC
domains as a=aN+aSC and aN/a=H /Hc=h. Thus, the width
of the SC domains can be written as aSC= �1−h� ·a. Using
Eqs. �1� and �2� one finds that the width of SC regions close
to h=1, within the Landau model, is independent of h �con-
sistent without experiment� and given by

aSC
L =��d�

ln 2
. �3�

Considering the empirical law ��T�=��0� /��1− �T /Tc�� with
��0�=0.056 �m for Pb �Ref. 9� and d=150 �m we expect
�for T=5 K� aSC

L =8.3 �m, roughly 5 times smaller than the
observed value, aSC

exp�40 �m �either in decreasing or in-
creasing field experiments�.

Close to Hc the CL model predicts12 aSC
CL

��2���T� ·d / ln�0.71/ �1−h��	1/2. From our experiments we
can determine the field at which SC nucleates and using
tabulated value for the critical field of Pb, �0Hc�T=0�
=80.3 mT,24 we find hnucl=hdown=0.91. Then, at the nucle-
ation field we find that aSC

CL�6.8 �m is rather close to the
Landau model result and approximately 6 times smaller than
our experimental result. In addition, this model predicts that
aSC

CL→0 for h→1 while experimentally we do not observe a
field dependence of the stripe width. At this point, it is im-
portant to mention that although the thickness of the sample
used in our experiments is above the theoretically calculated
value9 for the beginning of the branching regime, the ob-
served patterns show no evidence of branching. This branch-
ing regime should not be confused with the branching of SC
stripes as we mentioned when describing the patterns shown
in Fig. 1. Here, we refer to the branching of the normal
regions9 as a consequence of a widening of the domains as
they approach the surface of the sample. Both the Landau

model and the CL model do not take into account branching.
Thus, the discrepancy between the experimental values of
the SC stripe width and the theoretical predictions might be
due to the fact that our sample is close to the branching
transition.

Within the framework of the CCL model it is proposed17

that the stripe pattern observed near Hc is a result of an
elliptical instability of circular domains. This gives a pos-
sible way to estimate the width of the stripes when the IS is
formed. Assume that a single cylindrical SC domain is
formed when decreasing field. If the diameter of the cylinder
is larger than the critical diameter for the bubble elliptical
instability to occur, then the bubble will evolve as an elon-
gated domain �stripe�. In that case, the observed width of the
stripe should be similar to the diameter of the bubble nucle-
ated in the onset of domain formation. Within the CCL
model the free energy of an isolated SC cylindrical domain
of radius R can be written as17

F = 2��SNd2
 p

2
+ Bm�h2 − 1��

p2

4
+ Bmh2 p3

3
� , �4�

where p=2R /d is the reduced diameter of the tube, �SN is
the surface tension of the N-SC interface and Bm=d /2�� is
the magnetic Bond number that corresponds to the ratio be-
tween magnetic and surface forces. The first and second
terms are the same energy contributions as considered by
Landau.7 The correction introduced by the CCL model13 is
the third term, which represents the interaction energy of the
screening current flowing in the surface of the bubble. It is
important to mention that the free energy written above is a
valid expression only near the N-IS transition since it corre-
sponds to the energy of an isolated SC domain.

Minimization of this energy gives the equilibrium reduced
diameter of a SC bubble formed at the nucleation field hnucl
as p0=y�1+ �1−8/z�1/2� where y=��1−hnucl

2 � / �4hnucl
2 � and

z=�2�1−hnucl
2 �2Bm /hnucl

2 . Inserting hnucl=hdown=0.91 and
Bm=d / �2���=233 for our sample, we obtain p0=0.32 that
corresponds to a bubble diameter of 48 �m. From linear in-
stability analysis25 the critical diameter for the elliptical in-
stability is 3d /h�2Bm. In the present case this value corre-
sponds to a diameter of 22.9 �m. Thus, it is expected that at
hdown the instability will develop and a stripe with a width of
the order of the equilibrium bubble diameter �48 �m� will be
formed. This result is in good agreement with the
�42±9� �m width of SC stripes observed in the present ex-
periment when decreasing the field. This similarity suggests
that when the elliptical instability develops the SC domain
preserves the equilibrium diameter of a bubble at the nucle-
ation field in one direction and elongates in the perpendicular
one. The fact that the SC stripe width is the same in decreas-
ing and increasing field experiments supports the idea that,
despite the presence of pinning, the observed width corre-
sponds to an equilibrium situation. However, the observed
topology �stripes� when decreasing the field is a consequence
of the nucleation and growth process of SC domains in a
normal matrix.

To gain more insight in the effects of pinning when the IS
is formed, we study the reproducibility of the observed pat-
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terns. We repeat many times a decreasing field experiment
and observe the structures nucleated in each experiment. The
results of four different realizations in a certain region of the
sample are shown in Figs. 4�a�–4�d�. In each case the image
was taken at �0H=37 mT, T=5 K and the field was always
decreased at 100 mT/min, from far above Hup. The sequence
of images as the field is continuously decreased �not shown�
reveals that, in each realization, the SC phase nucleates al-

ways in the same spot in the sample �see arrow in Fig. 4�e��.
However, the further growth and branching of domains lead
to different final states. Evidently, the SC fraction is not the
same every time suggesting that these structures are out of
equilibrium. In Fig. 4�e� the patterns corresponding to the
four different experiments shown in �a�–�d� are superim-
posed. The arrow points to the spot where the SC domains
start to grow in the different experiments and the gray scale
indicates the degree of superposition where white corre-
sponds to the maximum �that is, where a SC domain is
present in all four experiments�. The reproducibility of the
location of the first nucleated stripe in Fig. 4 makes evident
that there can be preferred locations where superconductivity
is locally enhanced. In general, the subsequent stripes appear
in different locations when repeating the experiment. This
indicates that the distribution of pinning sites allows the for-
mation of locally different structures. The fact that small per-
turbations in the initial state lead to different structures
points to an intrinsic instability of the system when the stripe
pattern is growing. This result is consistent with the
proposed17 elliptical instability as an explanation for the to-
pological hysteresis.

As we mentioned above we have some evidence that the
stripe pattern formed close to the Hc line does not correspond
to an equilibrium configuration. In order to test the stability
of these patterns we follow their evolution in the presence of
a magnetic field that is periodically modulated in time. The
experimental sequence is the following. First, a large mag-
netic field, Hz	Hup is applied at low temperature, T�Tc.
Then, the field is decreased until some stripes are nucleated.
After that, the modulation of field starts. In Fig. 5 we show
the evolution of the structure at the highest magnetic field of
the oscillation as a function of time. In this case, the trian-
gular oscillation was done between �0Hmin=35.5 mT and
�0Hmax=37.5 mT with a frequency of 0.21 Hz and at 5 K.

The first time the magnetic field is decreased down to
Hmax the sample is in the normal phase in the region of
sample shown in the figure. The first image in Fig. 5 is there-
fore shown after the first cycle of the field and the next
images are taken every 15 cycles of the field. The topology

FIG. 4. �a�–�d� Patterns formed in the same region of the sample
in four different experiments starting from above �0Hup at
�0H=37 mT and T=5 K. �e� Superposition of binary images cor-
responding to the four images shown above, brighter regions indi-
cate more reproducibility.

FIG. 5. Temporal evolution of
the spatial distribution of SC do-
mains �white� as a function of
magnetic field cycling at T=5 K.
The modulation is made at
0.21 Hz and between 36.5 and
37.5 mT. The images are taken
every 15 cycles of the modulation
at �0Hmax=37.5 mT.

PATTERNS CLOSE TO THE CRITICAL FIELD IN TYPE-… PHYSICAL REVIEW B 75, 014529 �2007�

014529-5



of the initial pattern depends on the value of the field, Hmax,
and on the specific configuration of stripes formed while
decreasing the magnetic field. In the experiment we present
here, the structure after the first cycle of the modulation con-
sists of short segments coexisting with some bubbles. We
observe that a pattern of only bubbles is already formed after
30 cycles of the field. The fraction of SC domains, �SC, in-
creases as a function of time as shown in Fig. 6. The behav-
ior is the same for two different frequencies of oscillation
�0.21 and 2.1 Hz�. From our experiments we can conclude
that the structure after many field cycles depends on Hmax
and not very much on the amplitude or frequency of the
modulation, at least for the low modulation frequencies
�0.1 Hz–2.1Hz� studied in the present case. The diameter of
bubbles after the modulation is D=42.2±8.0 �m �here the
error correspond to the standard deviation of the distribution
of diameters�. This value can be compared with the diameter
of bubbles observed in the increasing field experiment as
described at the beginning of the section, see, for example,
Fig. 1�n�. In that case we find that D=45.6±16.7 �m. Al-
though the average values are similar in both cases, it is
important to note that the distribution of sizes is much
broader in the case of increasing the field towards Hup than
after the modulation experiment. The fact that a bubble pat-
tern is stabilized after cycling the field and that the density of
bubbles increases with time indicate that the pattern com-
posed of SC bubbles is closer to equilibrium than the long
SC stripes obtained just decreasing the field. This is further
confirmed by performing small modulations of the magnetic
field of amplitude �H of the order of 1% of the field at
which the bubble pattern is observed, Hmax. In this experi-
ment only small displacements of the bubbles but no change
in topology are observed. It is reasonable to think that pin-
ning contributes to stabilize this structure and prevents the
formation of a truly equilibrium structure �a hexagonal lat-
tice�.

It is interesting to see how the bubble pattern evolves as
the field is decreased, see Fig. 7. It is evident from the se-
quence of images that the superconducting bubbles elongate
as the field is decreased leading to the formation of short

stripes oriented in different directions. Since not all the
bubbles elongate in the same manner for a small step of field,
coexistence of stripes and bubbles is observed �Figs. 7�e� and
7�f��. As the field is further decreased the segments start to
bend and curl as a result of the repulsive interaction between
them. We can identify the beginning of this topological tran-
sition at �0H=37 mT where the bubbles start to elongate. At
�0H=36 mT a great majority of domains are stripes. Close
to the transition field the bubble diameter is 47.8±9.2 �m.

In Fig. 8 we show the fraction of SC domains, �SC, as a
function of field in two different situations, one for decreas-
ing field from the normal state �filled squares� and the other
decreasing field after the modulation of the field �open
circles�. The first case corresponds to an experiment as the
one shown in Figs. 1�a�–1�h�. In that case, as discussed
above, �SC changes abruptly as the field is decreased. The
modulation experiment is the same as in the case of Fig. 5
�H was oscillated between �0Hmin=35.5 mT and �0Hmax
=37.5 mT with a frequency of 0.21 Hz and T=5 K�. The
two snapshots in Fig. 8 show patterns in these two situations
at the same applied field. It is interesting to see that even
though the values of �SC are very similar in both cases the
topologies are clearly different. After the modulation there
are many small domains, thus the surface energy term is

FIG. 6. �Color online� Fraction of SC domains, �SC, as a func-
tion of time for two different frequencies of oscillation.

FIG. 7. Evolution of the bubble pattern generated by modulation
of field, with decreasing magnetic field at T=5 K. The images cor-
respond to �a� �0Hz=37.4 mT to �j� �0Hz=35.6 mT in steps of
0.2 mT.

FIG. 8. Fraction of SC domains as a function of field at
T=5 K following two different paths: decreasing field crossing the
N-IS line and decreasing field starting from the bubble phase after
modulation of magnetic field.
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larger when compared to the structure of large stripes. On the
other hand, the distribution of magnetic field inside the
sample is more homogeneous diminishing the magnetic en-
ergy term.

The size of flux bubbles �N-bubbles in a SC matrix� has
been associated6 with the competition between surface ten-
sion and the self-interaction of the screening current. A simi-
lar argument should apply to the present case of SC bubbles
since both energy terms are related with the interface N-SC,
and in that sense the problem is symmetric. However, in the
case of flux bubbles the flux conservation constraint impedes
the continuous and reversible growth of bubbles. Since there
is no such condition in the case of SC bubbles, they can grow
continuously and reversible as observed in the experiments.
Thus, the conservation of flux imposes an intrinsic asymme-
try when considering flux and superconducting bubbles.26

We observe that once we drive the system close to equilib-
rium, the growth mechanism of the SC phase is rather dif-
ferent than when nucleating the metastable IS from the nor-
mal state. Now the increase of SC regions is achieved by
elongation of domains instead of nucleating new ones.

III. CONCLUSIONS

Our magneto-optical experiments show that with decreas-
ing field from far above Hc, the formation of the IS takes
place in the form of avalanches of SC stripes. The stripes
grow in random directions and remain mainly pinned as the
field is changed. The growth of the superconducting fraction
in the IS takes place mainly by the appearance of new stripes
and by branching of already present stripes. A labyrinth pat-
tern is formed as the new stripes curl more since the space
free of stripes becomes smaller as the field is decreased. We
have shown that the labyrinthine pattern is not locally fully
reproducible indicating that the pinning of the stripes is not
due to the presence of extended defects. When the field is
increased towards Hc short SC stripes and bubbles coexist.

Finally, a bubble pattern is left that smoothly disappears as
the sample becomes normal.

It is interesting to point out that even though the Landau
model was developed for equilibrium configurations well be-
low the branching transition we observe a field independent
SC stripe width consistent with the prediction of this model
and at variance with the more sophisticated CL and CCL
models. Minimizing the free energy of a isolated SC circular
domain within the CCL model gives a value for the equilib-
rium bubble diameter that is very similar to our experimen-
tally observed SC stripe width. We also find that the SC
stripe width is the same for increasing and decreasing field in
the region close to Hc suggesting that the observed width
correspond to the equilibrium value. Modulation in time of
the magnitude of the magnetic field shows that a pattern
formed by SC bubbles is closer to equilibrium than the stripe
pattern. The bubble diameter and stripe width are the same
and independent of the modulation history, reinforcing the
idea that this is an equilibrium size.

Moreover, we have been able to observe the growth
mechanism of SC stripes starting from bubble phase. The
bubbles elongate, bend and sometimes branch as the field is
decreased. Coexistence of bubbles and short stripes is ob-
served. A similar transition but of normal domains has been
proposed and observed experimentally.6,13 However, no pre-
diction has been made for the case of SC domains. Thus, the
experimental observations presented here provide a new test-
ing ground for theoretical models, in particular the CCL
model.
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