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Local threshold field for dendritic instability in superconducting MgB 2 films
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Using magneto-optical imaging the phenomenon of dendritic flux penetration in superconducting films was
studied. Flux dendrites were abruptly formed in a 300-nm-thick film of MgB2 by applying a perpendicular
magnetic field. Detailed measurements of flux density distributions show that there exists a local threshold field
controlling the nucleation and termination of the dendritic growth. At 4 K the local threshold field is close to
12 mT in this sample, where the critical current density is 107 A/cm2. The dendritic instability in thin films is
believed to be of thermomagnetic origin, but the existence of alocal threshold field and its small value are
features that distinctly contrast with the thermomagnetic instability~flux jumps! in bulk superconductors.
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I. INTRODUCTION

An abrupt penetration of magnetic flux in the form
branching patterns was observed in 1967, in superconduc
Nb alloys.1 The phenomenon received much attention in
1990s, when advancements in magneto-optical~MO! imag-
ing allowed studies with a much higher spatial resolutio
The branching phenomenon, or dendritic instability, has n
been observed in YBa2Cu3O7 films2,3 ~induced by a laser
pulse!, in field-cooled Nb films,4 and in zero-field-cooled
~ZFC! patterned Nb films.5 However, the material most sen
sitive to the instability seems to be the recently discove
superconductor MgB2, a material in which the flux dendrite
appear in uniform ZFC films placed in an applied field
triggered by passing a transport current.6–9

The dendritic flux instability is believed to be of therm
magnetic origin, similarly to the much further explored ph
nomenon of flux jumps. Flux jumps are a dominant threa
the stability of the critical state in superconductors, and
especially important in high-current and high-fie
applications.10–13 Local heating due to motion of the mag
netic vortices reduces the pinning, and will facilitate th
further motion. This may lead to an avalanche proce
where a macroscopic amount of flux suddenly invades
superconductor—a process accompanied by a strong hea

A number of common features indicate that the sa
physical mechanism underlies both the dendritic instabi
and flux jumps. First, both phenomena occur only
low temperatures, and they develop very quickly (14

2106 cm/s, see Refs. 1 and 2!. Moreover, both instabilities
can be suppressed by contacting the superconductor
normal metal so that heat is removed more efficiently.8,14

Furthermore, dynamics in the form of branching flux a
temperature distributions have recently been obtained
computer simulations accounting for the heat produced
flux motion,6,15 and thus support strongly that the flux de
drites indeed result from a thermomagnetic instability.

There seems to be two necessary conditions for an in
bility to develop within the dendritic scenario. The first is
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small thickness of the superconductor: to our best kno
edge, the dendrites have so far been observed only in fi
with thicknesses<0.5 mm.16 The long-range vortex-vortex
interactions typical for thin films17,18 are probably essentia
for the branching flux structures to form. Secondly, the p
cess should be adiabatic so that the temperature distribu
remains highly nonuniform during the dendrite growt
Computer simulations15 have demonstrated that dendrites o
cur only when the heat diffusivity is much smaller than t
magnetic diffusivity.

The key quantity characterizing flux jump is the appli
field, Bfj , when the first jump occurs in a ZFC superco
ductor. TheBfj also determines the interval between co
plete flux jumps~the magnetization dropping to zero! as seen
in Fig. 1 ~left!. Therefore, the central question iswhether a
threshold field exists also for dendritic flux jumps. From typi-
cal M (B) data for an MgB2 film shown in Fig. 1~right! the
answer seems to be that it does not. The jumps here are
small, typicallyDM;1022M , because one dendritic struc
ture occupies only a small fraction of the sample. Furth
more, they are irregularly spaced along the applied field a
and the exact jump pattern is irreproducible when the exp
ment is repeated.

In the search for a ‘‘dendritic’’Bfj we have performed a
magneto-optical study of flux penetration in a virgin MgB2

FIG. 1. MagnetizationM (B) data exhibiting conventional flux
jumps~left, Ref. 19! and irregular small jumps~right, Ref. 20! due
to abrupt penetration of flux dendrites shown in the inserted M
image.
©2003 The American Physical Society13-1
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FIG. 2. MO images showing dendritic flux structures formed near the edge of the MgB2 film at applied fields, which in~a!–~c! are
Ba52.3, 3.2, and 7.4 mT, respectively. The dendritic structures for differentBa differ in size, but not in flux density~image brightness! along
the core of the individual branches.
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film, and analyzed quantitatively the flux density distrib
tions produced by the dendritic instability. We find that t
dendritic instability indeed has a threshold field. Howev
this is a threshold not for the applied field but instead for
local flux density. Thislocal threshold field determines whe
and where in the superconducting film the dendritic str
tures nucleate.

The paper is organized as follows. In Sec. II the sam
and the experimental method used in this work are brie
described. The results of the MO imaging investigation
presented in Sec. III, and a discussion follows in Sec.
Finally, the conclusion is given in Sec. V.

II. EXPERIMENT

Films of MgB2 were fabricated on Al2O3 substrates using
pulsed laser deposition.21 A 300-nm-thick film shaped as
square with dimensions 535 mm2 was selected for the
present studies. The sample has a high degree ofc-axis align-
ment perpendicular to the plane, and shows a sharp su
conducting transition atTc539 K.

The flux density distribution in the superconducting fil
was visualized using MO imaging based on the Faraday
fect in ferrite garnet indicator films. For a recent review
the method, see Ref. 22; description of our setup is fo
elsewhere.23 The sample was glued with GE varnish to t
cold finger of the optical cryostat, and a piece of MO ind
cator covering the sample area was placed loosely on to
the MgB2 film. Before the mounting a few plastic spheres
diameter 3.5mm were distributed over the sample surface
avoid thermal influence of the MO indicator.

As usual, the gray levels in the MO images were co
verted to magnetic-field values using a calibration curve
tained aboveTc . In all the images shown in the prese
work, the bright regions correspond to high values of the fl
density, while the fully dark areas are free of flux, i.e., Meis
ner state regions. All the experiments were carried out aT
53.6 K on an initially ZFC sample.

III. RESULTS

The MgB2 film was placed in a slowly increasing perpe
dicular applied field,Ba . At small fields, up toBa52 mT,
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we observed just conventional flux penetration where
gradual increase inBa results in a smooth advancement
the flux front. Increasing the field further this smooth beha
ior starts to be accompanied by a sudden invasion of ma
scopic dendritic structures, as illustrated in Fig. 2 show
MO images of the flux distribution near the edge atBa

52.3, 3.2, and 7.4 mT. The images cover different parts
the sample which all have in common that dendritic stru
tures had been formed just before the images were recor
As in earlier studies, these structures are seen to develo
seemingly random places that vary from one experimen
another, and the dendrites grow to final size faster than
can detect~1 ms!. As the applied field continues to increas
we find that outside the dendritic areas the flux front a
vances gradually, while the dendrites that are already form
alway remain completely frozen. Below we will focus on th
dendritic flux behavior, and the gradual ‘‘background’’ pe
etration, also displaying interesting nonuniform features, w
be the subject of a separate paper.

Let us first look, in a more detailed manner, at one in
vidual branch of a dendritic structure, where the area mar
by a white rectangle in Fig. 2~c! was chosen as a typica
example. Several flux density profiles across the large bra
were measured, with the result seen in Fig. 3. The profi
have an overall triangular shape that varies only sligh
along the branch. The maximum flux density in the cen
remains essentially the same, 10–12 mT, whereas the br
width increases from 30mm near the root towards 50mm
near the tip. The reason for such broadening is not fu
clear, but is probably related to the fact that near the tip
distance from neighboring branches is larger. Near the r
of a dendritic structure the branches always grow dens
and their mutual repulsion causes each of them to be c
pressed.

Shown in Fig. 4 is a series of flux density profiles acro
the whole dendritic ‘‘tree’’ seen in Fig. 2~b!. To avoid over-
lap of graphs, subsequent profiles C–H in Fig. 4 are shif
along the vertical axis. By comparing Figs. 2~b! and 4 each
peak can be identified as a branch present in the MO ima
For profiles C–E in Fig. 4 the outermost branches of the t
are the more pronounced, and many minor ones are loc
in between. In the profiles F–H in Fig. 4 the number
3-2
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FIG. 3. Profiles of flux density across on
branch of a large dendritic structure which a
peared atBa57.4 mT. The MO image shows the
region marked by the rectangle in Fig. 2~c!.
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branches diminishes, and large flux-free regions exist
tween them. From this set of curves we see that, like in F
3, the maximum flux density~at the dendrite core! remains
essentially constant,Bmax'12 mT, along one branch. More
over, a striking fact is that this value is the same for
branches.

This universality motivates a comparison also to theB
profile across the film edge. Due to demagnetization effe
the field becomes concentrated near the edge of a supe
ducting film, and hence the MO images show a line of ma
mum brightness exactly along the sample edge. For the c
parison we choose the MO image from Fig. 2~a!, where the
flux penetration near the edge is most regular. The flux d
sity profiles along lines A-A and B-B are presented in Fig.
Note that in the A profile of Fig. 5 only the part to the rig
of the peak is relevant, i.e., representing penetrated mag
flux. Remarkably, we find that the peak values as well as
slopes of the profiles are essentially the same. Hence,
together with similar investigations made at other locatio
leads us to conclude that the MgB2 film does not allow any-
where in the sample the local field to exceed the value
Bmax'12 mT.

How this universality ofBmax applies very generally can
be illustrated by histograms of the flux density distributio
at different applied field. Shown in Fig. 6 are histograms
B(x,y) over the entire field of view of the MO images fo
three applied fields in the range of 2–8 mT. At 2.3 mT t
number of dendrites is small and so is their size, and on
very small fraction of the sample has a local field exceed
10 mT. As the applied field increases the histogram deve
a pronounced peak near 10 mT and the existence of a m
mum local field becomes evident. It is clear that although
dendrites that are formed vary widely in their size, and
total area covered by dendrites is very different, the ma
mum local field remains the same.

IV. DISCUSSION

The existence of the universal fieldBmax sheds new light
on the mechanism of dendrite formation. The present res
suggest thatBmax serves as alocal thresholdfield for nucle-
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ation of the instability. When the ZFC superconducting fi
is placed in an increasing applied field, its interior rema
first flux-free, and the field becomes enhanced at the ed
When the local edge field exceedsBmax, an avalanchelike
invasion of flux is nucleated there. The avalanche devel
ment is then driven not only by local heating, as in bu
superconductors, but in a film also by a local increase of
field. Geometrical field amplification at concave defec
along the edge is an effect well known from MO imagin
studies,22,24,25and is due to the bending of the Meissner cu
rents that are forced to flow around the defected region
this case the heated spot where the avalanche starts. In
first stage the avalanche grows predominantly in the dir
tion perpendicular to the edge, as seen from the distinct
of the dendritic structures. In a similar way, any perturbat

FIG. 4. Flux density profiles across a dendritic structure t
appeared atBa53.2 mT, shown in Fig. 2~b!. To avoid overlap the
profiles are shifted~by 10 mT! with respect to each other.
3-3
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F. L. BARKOV et al. PHYSICAL REVIEW B 67, 064513 ~2003!
along this penetration channel will be enhanced due to
Meissner current bending, and eventually will result
multiple branching. Note that the irreproducibility of th
dendritic patterns indicates that the branching points are
directly related to the pinning landscape or other nonunif
mities grown into the sample. The dendritic structure w
grow and continue branching until the flux density reduces
Bmax in the cores of all branches. This is the final state of
instability, and it is what we see in the MO images. Up
further increase of the applied field, the conditionB,Bmax
soon becomes violated again, now at a different place al
the edge from where a new dendritic structure will invade
film.

FIG. 5. Profiles of flux density near the edge~A!, and across a
dendrite~B! obtained from the MO image shown in Fig. 2~a!.

FIG. 6. Histograms of areas having various flux densities~pixel
values of the MO images in Fig. 2! in the sample at three applie
fields. Despite the quite differentBa all histograms display approxi
mately the same maximum field of 12 mT.
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Another interesting result most clearly seen from Fig. 5
that the slope of theB profiles near the film edge, and acro
a dendritic branch, is essentially the same. Actually, t
slope is also characteristic of all profiles across the la
dendritic structure shown in Fig. 4. Since the slopes refl
the local critical current density,j c , this suggests that the
were formed at the same temperature, sincej c is strongly
temperature dependent. It is then clear from Fig. 5 that
heating during the dendrite propagation stage was local
to a very narrow core of the branch. The sharpness of
peaked flux profiles shows that the heated core has a widt
15 mm, or less. This is consistent with results obtained a
by Bolz et al.26

The magnitude of the critical current density can be e
mated from the profiles of Fig. 5 using the Bean-mod
formula for a thin strip in a perpendicular field.27,28 For
small fields, the flux penetration depth is given asd
50.5w(pBa /m0d jc)

2, wherew is the strip halfwidth, and
d is its thickness. Substituting hered530 mm and w
52500mm, one obtainsj c'107 A/cm2. Unfortunately, this
high j c is compromised by the dendritic instability whic
largely influences the macroscopic magnetic properties of
film. Magnetization curves of MgB2 films in general are
chaaracterized by the following:~i! they contain numerous
dips of different magnitudes~noisy behavior! and ~ii ! the
averageM recalculated into the critical current density giv
a much lower value than the ‘‘true’’j c .20,6

Let us compare the experimentally found threshold fi
12 mT with theoretical estimates. The first jump field, with
the adiabatic approach and the Bean model, is given as10–13

Bfj5S 2m0C jc

] j c /]T D 1/2

, ~1!

whereC is the heat capacity. This result is obtained for bu
superconductors and should be modified for thin samples
perpendicular field. Using the Bean-model flux distributio
in thin films27,28 one can show29 that the fieldBfj should be
multiplied by a factor ;Ad/w. Then, substitutingC
50.3 kJ/K m3 ~Ref. 30! in Eq. ~1!, assumingj c(T)}(Tc
2T), we obtainBfj51.5 mT at 4 K. Note that thisBfj should
give the applied field when the first flux dendrite enters
ZFC film. For our experiments on the MgB2 film this field
equals 2 mT, in excellent agreement with the theoretical
timate.

At this field, Ba52 mT, the local flux density was mea
sured to be 12 mT~Fig. 5! at the film edge.31 After many
dendrites have entered the film, the flux distribution beca
strongly nonuniform, and the criterion for the thresholdap-
plied field Bfj is no longer applicable. Nevertheless, we fi
that the value 12 mT can still be used as alocal threshold
field.

The penetration scenario has to be slightly modified fo
superconductor with initial nonzero uniform flux densityB̃.
For conventional flux jumps in bulk superconductors t
presence of a frozen-in field leads to a shift of the instabi
field by B̃ because only the differenceBa2B̃ is important.
This is readily seen from Fig. 1~left!, where every jump
creates almost uniform flux distribution in the sample w
3-4
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LOCAL THRESHOLD FIELD FOR DENDRITIC . . . PHYSICAL REVIEW B 67, 064513 ~2003!
flux density equal to the applied field. A similar shift of th
threshold field is also expected for the dendritic instabilit

V. CONCLUSIONS

In summary, we have found, using magneto-optical im
ing, that the nucleation as well as the termination of dendr
flux avalanches in superconducting MgB2 films are governed
by a local threshold field,Bmax'12 mT. Avalanches nucleat
near the edge whenever the local flux density exceedsBmax
and the flux invasion proceeds as long as there exist reg
whereB.Bmax. As a result, each avalanche ends with a fl
distribution whereB5Bmax in the cores of all branches o
the dendritic structure. We find that as the applied field
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