AI Applied Physics
Letters il 1/

[ir/

Dendritic instability in YBa2Cu307- films triggered by transient magnetic fields

M. Baziljevich, E. Baruch-El, T. H. Johansen, and Y. Yeshurun

Citation: Applied Physics Letters 105, 012602 (2014); doi: 10.1063/1.4887374

View online: http://dx.doi.org/10.1063/1.4887374

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/105/1?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Vortex migration caused by travelling magnetic wave in a 2in. diameter YBa2Cu307 thin film
J. Appl. Phys. 113, 213906 (2013); 10.1063/1.4809479

The effects of strain, current, and magnetic field on superconductivity in
Pr0.5Ca0.5Mn0O3/YBa2Cu307/Pr0.5Ca0.5MnO3 trilayer
J. Appl. Phys. 113, 113902 (2013); 10.1063/1.4795349

Microwave heating-induced static magnetic flux penetration in YBa2Cu307- superconducting thin films
J. Appl. Phys. 111, 123911 (2012); 10.1063/1.4730343

Effect of current induced charge order melting of Pr0.5Ca0.5MnO3 on YBa2Cu307 thin film
AIP Conf. Proc. 1447, 675 (2012); 10.1063/1.4710183

Evolution of ferromagnetic clustering in Pr0.5Ca0.5MnO3 and its effect on the critical temperature of
YBa2Cu307 thin film
J. Appl. Phys. 111, 113910 (2012); 10.1063/1.4725422

AI P “ JAoqu:‘I?:é cI:fhysics

Journal of Applied Physics is pleased to
announce André Anders as its new Editor-in-Chief



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1691523420/x01/AIP/JAP_HA_JAPCovAd_1640banner_07_01_2014/AIP-2161_JAP_Editor_1640x440r2.jpg/4f6b43656e314e392f6534414369774f?x
http://scitation.aip.org/search?value1=M.+Baziljevich&option1=author
http://scitation.aip.org/search?value1=E.+Baruch-El&option1=author
http://scitation.aip.org/search?value1=T.+H.+Johansen&option1=author
http://scitation.aip.org/search?value1=Y.+Yeshurun&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4887374
http://scitation.aip.org/content/aip/journal/apl/105/1?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/21/10.1063/1.4809479?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/11/10.1063/1.4795349?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/11/10.1063/1.4795349?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/111/12/10.1063/1.4730343?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.4710183?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/111/11/10.1063/1.4725422?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/111/11/10.1063/1.4725422?ver=pdfcov

APPLIED PHYSICS LETTERS 105, 012602 (2014)

@CrossMark

Dendritic instability in YBa,Cu30,_; films triggered by transient magnetic

fields

M. Baziljevich, ' E. Baruch-El,? T. H. Johansen,"® and Y. Yeshurun®
"Department of Physics, University of Oslo, P.O. Box 1048 Blindern, 0316 Oslo, Norway
*Department of Physics, Institute of Superconductivity and Institute of Nanotechnology
and Advanced Materials, Bar-I1lan University, Ramat-Gan 5290002, Israel

3Institute for Superconducting and Electronic Materials, University of Wollongong,

Northfields Avenue, Wollongong, NSW 2522, Australia

(Received 1 April 2014; accepted 25 June 2014; published online 10 July 2014)

Superconducting films of YBa,Cu3O;_s are shown to become thermomagnetically unstable when
experiencing a time-varying perpendicular magnetic field. Using magneto-optical imaging and
ramping the applied field at rates up to 3000 T/s, dendritic flux avalanches were observed in two
different films, one grown by evaporation on sapphire and one by laser ablation on SrTiOsz. The
unstable behavior occurs over a wide temperature range limited by an upper threshold value of 40K
for the film on sapphire, and 20K for the one on SrTiO;. At 7K for the same films, the threshold
ramping rates are 1000 T/s and 3000 T/s, respectively. The avalanches are causing permanent damage
by leaving a micron wide track where the superconductor melted during the thermomagnetic
runaway. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4887374]

When type-II superconductors are considered for appli-
cations, it is crucially important that the material shows elec-
tromagnetic stability and predictable behavior when exposed
to time-varying magnetic fields. These conditions are met in
the majority of situations, where the magnetic flux distributes
essentially according to the critical-state model." However,
below a threshold temperature, superconducting films can
behave quite differently, where the penetration of flux con-
sists of large-scale avalanches forming dendritic structures.
Using magneto-optical imaging (MOI) this dramatic behav-
ior has been observed in a number of materials® such as Nb,
MgB,, and NbN.

It is widely agreed today that the phenomenon is a ther-
momagnetic breakdown of the superconductor.’ This may
occur when a fluctuation weakens the pinning of some vorti-
ces, causing them to move and locally heat the material, thus
reducing the pinning even further. If the film and substrate
are unable to dissipate the heat, a runaway will take place
with lightning-like characteristics.*

While such abrupt flux jump events are commonly
found among superconductors, it is a surprising fact that
films of the key material YBa,Cu30,_s (YBCO) show an un-
usual degree of stability. So far, avalanches in YBCO films
seem to require active local triggering, e.g., by exciting the
edge with a hot spot generated by a pulsed laser, as reported
by Leiderer ef al.” Interestingly, for YBCO films there exists
also one singular observation of a spontaneous avalanche
event,6 the cause of which remains unclear. Thus, it is today
an open question where the boundaries for stable behavior of
YBCO films lie with respect to transient magnetic fields.

In this work, we report a systematic investigation of
thermomagnetic avalanches in YBCO films exposed to fast
ramping of transverse magnetic fields at different tempera-
tures. The observations were made using a specially
designed MOI system,’ that allows very high ramping rates
to be applied to the sample, which is mounted on a sapphire
cold finger to minimize eddy currents. The threshold
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temperature where YBCO films lose stability is determined
for ramping rates up to 3000 T/s. We find that different from
other materials, the avalanches in YBCO often leave an
imprint of their path, even making permanent damage to the
superconducting film.

YBCO films of thickness 150 nm were produced by ther-
mal reactive co-evaporation on r-cut sapphire substrates.®
The films have a transition temperature of 7, = 87K, and a
critical current density of j. = 3.8 MA/cm? at 77K. They
were epitaxially grown, with the c-axis perpendicular to the
surface. One film was cut using a precision saw into a square
with 4 mm sides. The size is well fitted for MOI measure-
ments, where a Bi:YIG indicator plate is placed on top of the
sample. The large Faraday effect in such ferrite garnets’
allows imaging of the global flux dynamics in the supercon-
ducting film using polarized light microscopy.'®

Figure 1(a) shows, as initial reference, a magneto-
optical image of the sample in a field B,=5mT applied
slowly after initial zero-field cooling to 7 K. The field is per-
fectly screened by the superconductor, as one sees a sharp
outline of the film edge, where the expelled flux piles up.
Evidently, the sample edge is free of major defects. To pre-
pare for a high ramping rate experiment, the flux trapped at
the sample rim was removed by warming up above T,. After
re-cooling in zero field to 7 K, the magnetic field was ramped
to 60mT at the rate of 3000T/s. As seen from Fig. 1(b),
showing an image recorded at B, =60 mT, the resulting flux
penetration pattern is typical for stable critical state behavior.
The slight striations in the pattern are due to minor edge
roughness, whereas the overall image demonstrates a high
uniformity of this YBCO film.

As well known,'" a sizable indentation at the film edge
will amplify the local external magnetic field significantly.
Thus, to test the stability of the YBCO film at higher effec-
tive ramping rates, a 0.5 mm long and 80 um wide slit was
cut normal to one edge near its midpoint. To verify its ampli-
fying effect, the field was again slowly increased to

© 2014 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4887374
http://dx.doi.org/10.1063/1.4887374
http://dx.doi.org/10.1063/1.4887374
http://dx.doi.org/10.1063/1.4887374
http://dx.doi.org/10.1063/1.4887374
http://dx.doi.org/10.1063/1.4887374
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4887374&domain=pdf&date_stamp=2014-07-10

012602-2

Baziljevich et al.

FIG. 1. Magneto-optical images of the YBCO film at 7 K. Darkest contrast
corresponds to zero flux density, and increasing brightness represents higher
flux density. (a) shows an image after slow ramping of the applied field to
5mT, while in (b), the field was ramped to 60 mT at a rate of 3000 T/s. (c)
and (d) show the flux distribution after a cut was made from the right edge.
In (c), the field was applied as in (a), and in (d), the same ramping as in (b)
was applied, creating an avalanche.

B,=5mT after zero-field cooling to 7 K. The resulting MOI
contour of the sample, see Fig. 1(c) resembles that of Fig.
1(a), with the tip of the slit showing enhanced contrast corre-
sponding to a field amplification near 100%.

Repeating the fast ramping experiment, the resulting flux
distribution changed dramatically, see Fig. 1(d). Now, the
final flux pattern includes one large dendritic structure, rooted
at the tip of the slit. From there it spreads out over a large por-
tion of the sample. Repeated runs, all starting with the film in
the virgin state, and using the same experimental parameters,
produced similar avalanche structures. However, they had
substantial differences in the branching details, reflecting the
stochastic nature of the phenomenon. The overall behaviour
found in this sample is quite similar to avalanche characteris-
tics reported for films of other superconductors.”

To determine the temperature range where the instability
occurs in the YBCO film, several similar experiments were
performed up to 42 K. Each time the flux-free sample was
cooled to the target temperature, and then the field was
increased from zero to 60 mT at the rate of 3000 T/s. Shown
in Figs. 2(a)—(e) is the resulting flux distribution at the re-
spective temperatures 13, 20, 30, 40, and 42K. The ava-
lanche activity stops after reaching 40 K, which defines the
threshold temperature at this ramping rate.

From Fig. 2, it is evident that the avalanche patterns show
systematic changes. With increasing temperature, the individ-
ual branches become wider, thus following the trend displayed
by the general flux penetration from the main edges. This is an
expected result of the flux pinning decreasing with larger tem-
perature. There is also variation in the number of branches, but
the trend is not fully systematic. Actually, it deviates from
what has been reported, e.g., for films of Mng.12 There, it
was found that the dendritic structures have a lot more
branches near the threshold temperature than far below. In the
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FIG. 2. (a)—(e) Flux patterns in the YBCO film at temperatures 13, 20, 30,
40, and 42 K, respectively. The sample was zero-field cooled to each temper-
ature, and then the applied field was ramped to 60 mT at a rate of 3000 T/s.
(f) An image at 7K and 5mT applied field, taken after all previous experi-
mental runs, revealing an extended slit.

present sample, it is opposite. A possible reason is that the ava-
lanche at 40K occurs at a stage where the flux-free central
region available for an avalanche is significantly reduced, thus
limiting its size and degree of branching.

Another series of experiments were carried out using
different ramping rates. After zero-field cooling the sample
to 20K each time, the field was ramped from zero to 60 mT.
Fig. 3(a) shows the first result when the ramping rate was
1500 T/s. In this case, there were no dendrites. Increasing the
ramping rate to 2000 T/s, the sample becomes unstable and
produces a dendritic flux pattern, as shown in Fig. 3(b).
Repeating the experiment several times, we find that
occasionally the sample produces dendrites also at 1500 T/s.

FIG. 3. Dendritic flux patterns in the YBCO film using two different ramp-
ing rates. The sample was zero-field cooled to 20K in both cases. In (a), the
applied field was ramped to 60 mT using a ramping rate of 1500 T/s, while
in (b), the ramping rate was 2000 T/s.
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This was found to be the lowest ramping rate generating an
avalanche at 20K. The corresponding ramping threshold at
7K was 1000 T/s. The dendritic patterns in Figs. 3(b) and
2(b), and our other experiments, point toward a tendency of
increased branching as the ramping rate approaches the
threshold value.

While performing the above experiments it became clear
that the slit from the sample edge became longer. As evident
from Figs. 2(f) and 1(c), its length more than doubled, increas-
ing to approximately 1.2mm. This modification gradually
altered the magnetic response of the film, and shifted the
thresholds in temperature and ramp rate. Thus, to continue
systematic studies based on this sample became impossible.

Instead, a closer inspection of the extended part of the
slit was made using atomic force microscopy (AFM).
Measurement of the height profile over a square area of size
5 pm is shown in Fig. 4, and reveals a dramatic impact on
the film. Along a linear segment the material had been
removed resulting in a sharp groove, while extra height was
added on both sides. Inspecting other parts of the extended
slit, it was found that the groove typically was 50 nm deep.

The damage seen in Fig. 4 took place at a location corre-
sponding to the main trunk of the dendritic structure. During
the avalanche, this is where the traffic of entering flux is
highest and thus also where the temperature should be maxi-
mum. This has previously been confirmed by numerical sim-
ulations,* where the peak temperature in the superconducting
film increased during a short time interval by an order of
magnitude. Very high peak temperature is suggested also
from the AFM plot, where one sees that the material added
on both sides of the groove has the form of many submicron
globules. This suggests that the released heat caused melting
of YBCO.

To test the general validity of the above results a different
YBCO film was investigated. This sample is a 250nm thick
epitaxial film made by laser ablation on a strontium titanate
(100) substrate,13 and has T,.=89K and j.=2 mA/cm? at
77 K. Originally designed to study the flow of Meissner cur-
rents near holes almost 20 years ago,'* this square film of
sides 3 mm was patterned with a set of rectangular slits.

Figure 5(a) shows the sample after zero-field cooling to
7K, and then applying a 60mT field at a ramping rate of

FIG. 4. A height profile plot obtained by AFM measurement of the 150 nm
thick YBCO film in an area where the original slit extended its length by the
avalanche activity.
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FIG. 5. A comparison of the flux penetration in the 250nm YBCO film at
7K, after sweeping the external field to 60 mT using ramping rates of
2400 T/s (a) and 3000 T/s (b), the latter producing a dendritic flux avalanche.

2400 T/s. The contour of the sample is clearly visible, as are
the holes appearing as bright internal streaks. At this ramp-
ing rate there are no signs of avalanche behavior. However,
when the experiment was repeated with ramping rate of
3000T/s, a large dendritic flux structure was formed from
the lower right sample edge, see Fig. 5(b). Thus, although
this YBCO film is quite different from the first sample, it dis-
plays the same avalanche activity.

Comparing the results obtained for the two films, we
find that in the 150 nm thick film the instability occurs up to
40K at the fastest ramping rate, whereas the 250 nm film is
unstable only below 20K. In the thinner sample, we found
that the avalanches repeatedly damaged the superconducting
layer. This was not observed in the thicker film. These differ-
ences could be due to a number of factors, e.g., the differ-
ence in critical current density.'”> Other possible candidates
are the differences in the type of substrate and its thermal
contact to the film, as well as in the film thickness and
microstructure.

Our MOI setup uses intense pulsed laser light as illumi-
nation. The incoming light is reflected from a mirror layer
deposited on the Faraday rotating plate, and returns into the
optical recording system without hitting the sample.
However, parts of the laser spot extend outside the indicator
plate, and is absorbed by the sapphire cold finger of the cryo-
stat. To rule out that the pulsed laser in any way stimulates
triggering of avalanches, tests were performed while
completely blocking the beam during field ramping. No dif-
ference was found. Thus, the pulsed illumination does not
perturb the stability of the superconductor.

In summary, we have made significant progress in dem-
onstrating the generic character of dendritic flux avalanches
in films of type-II superconductors. Using MOI and fast
ramping of the applied magnetic field, avalanches taking the
form of Lichtenberg figures'® were repeatedly observed in
different YBCO films. Unstable behavior was found over a
range of temperatures and ramping rates. We find also that
the avalanche events frequently cause permanent damage in
the films, obviously a result of key importance when design-
ing devices based on YBCO films. Moreover, it has been
demonstrated that the patterning of the film plays an essential
role, and in particular should narrow slits and other field-
focusing shapes be avoided in the film structure.
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technical assistance with the AFM measurements. We



012602-4 Baziljevich et al.

acknowledge a partial financial support from the Israel
Science Foundation (Grant No. 164/12) and from the
Norwegian Research Council.

IC.p. Bean, Rev. Mod. Phys. 36, 31 (1964); E. H. Brandt, Rep. Prog. Phys.
58, 1465 (1995).
2C. A. Durén, P. L. Gammel, R. E. Miller, and D. J. Bishop, Phys. Rev. B
52, 75 (1995); V. K. Vlasko-Vlasov, U. Welp, V. Metlushko, and G.
Crabtree, Physica C 341-348, 1281 (2000); T. H. Johansen, M.
Baziljevich, D. V. Shantsev, P. E. Goa, Y. M. Galperin, W. N. Kang, H. J.
Kim, E. M. Choi, M.-S. Kim, and S. I. Lee, Supercond. Sci. Technol. 14,
726 (2001); I. A. Rudnev, S. V. Antonenko, D. V. Shantsev, T. H.
Johansen, and A. E. Primenko, Cryogenics 43, 663 (2003); S. C.
Wimbush, B. Holzapfel, and Ch. Jooss, J. Appl. Phys. 96, 3589 (2004); 1.
A. Rudnev, D. V. Shantsev, T. H. Johansen, and A. E. Primenko, Appl.
Phys. Lett. 87, 042502 (2005); E.-M. Choi, H.-S. Lee, H. J. Kim, B. Kang,
S.-I. Lee, A. A F. Olsen, D. V. Shantsev, and T. H. Johansen, ibid. 87,
152501 (2005); M. Motta, F. Colauto, W. A. Ortiz, J. Fritzsche, J.
Cuppens, W. Gillijns, V. V. Moshchalkov, T. H. Johansen, A. Sanchez,
and A. V. Silhanek, ibid. 102, 212601 (2013).
3R. G. Mints and A. L. Rakhmanov, Rev. Mod. Phys. 53, 551 (1981); A. L.
Rakhmanov, D. V. Shantsev, Y. M. Galperin, and T. H. Johansen, Phys.
Rev. B 70, 224502 (2004); D. V. Denisov, A. L. Rakhmanov, D. V.
Shantsev, Y. M. Galperin, and T. H. Johansen, ibid. 73, 014512 (2006).
L Vestgarden, D. V. Shantsev, Y. M. Galperin, and T. H. Johansen, Sci.
Rep. 2, 886 (2012).

Appl. Phys. Lett. 105, 012602 (2014)

Sp. Leiderer, J. Boneberg, P. Briill, V. Bujok, and S. Herminghaus, Phys.
Rev. Lett. 71, 2646 (1993); U. Bolz, B. Biehler, D. Schmidt, B. Runge,
and P. Leiderer, Europhys. Lett. 64, 517 (2003).

°p. Briill, D. Kirchgassner, P. Leiderer, P. Berberich, and H. Kinder, Ann.
Physik 504, 243 (1992).

M. Baziljevich, D. Barness, M. Sinvani, E. Perel, A. Shaulov, and Y.
Yeshurun, Rev. Sci. Instrum. 83, 083707 (2012).

8B. Utz, R. Semerad, M. Bauer, W. Prusseit, P. Berberich, and H. Kinder,
IEEE Trans. Appl. Supercond. 7, 1272 (1997).

°L. E. Helseth, R. W. Hansen, E. L. II’yashenko, M. Baziljevich, and T. H.
Johansen, Phys. Rev. B 64, 174406 (2001).

1°M. V. Indenbom, V. L Nikitenko, A. A. Polyanskii, and V. K. Vlasko-
Vlasov, Cryogenics 30, 747 (1990); Ch. Jooss, J. Albrecht, H. Kuhn, S.
Leonhardt, and H. Kronmiiller, Rep. Prog. Phys. 65, 651 (2002).

"'T. Schuster, H. Kuhn, and E. H. Brandt, Phys. Rev. B 54, 3514 (1996); J.
I. Vestgaarden, D. V. Shantsev, Y. M. Galperin, and T. H. Johansen, ibid.
76, 174509 (2007).

27 H. Johansen, M. Baziljevich, D. V. Shantsev, P. E. Goa, Y. M.
Galperin, W. N. Kang, H. J. Kim, E. M. Choi, M.-S. Kim, and S. I. Lee,
Europhys. Lett. 59, 599 (2002).

3P, Vase, Y. Shen, and T. Freltoft, Physica C 180, 90 (1991).

M. Baziljevich, T. H. Johansen, H. Bratsberg, Y. Shen, and P. Vase, Appl.
Phys. Lett. 69, 3590 (1996).

157, Albrecht, A. T. Matveev, J. Strempfer, H.-U. Habermeier, D. V.
Shantsev, Y. M. Galperin, and T. H. Johansen, Phys. Rev. Lett. 98,
117001 (2007).

15G. C. Lichtenberg, Novi Comm. Soc. Reg. Sci. Gott. 8, 168 (1777); T.
Schmidhauser and A. Azzola, N. Engl. J. Med. 365, e49 (2011).


http://dx.doi.org/10.1103/RevModPhys.36.31
http://dx.doi.org/10.1088/0034-4885/58/11/003
http://dx.doi.org/10.1016/S0921-4534(00)00895-9
http://dx.doi.org/10.1088/0953-2048/14/9/319
http://dx.doi.org/10.1016/S0011-2275(03)00157-7
http://dx.doi.org/10.1063/1.1778816
http://dx.doi.org/10.1063/1.1992673
http://dx.doi.org/10.1063/1.1992673
http://dx.doi.org/10.1063/1.2084323
http://dx.doi.org/10.1063/1.4807848
http://dx.doi.org/10.1103/RevModPhys.53.551
http://dx.doi.org/10.1103/PhysRevB.70.224502
http://dx.doi.org/10.1103/PhysRevB.70.224502
http://dx.doi.org/10.1103/PhysRevB.73.014512
http://dx.doi.org/10.1038/srep00886
http://dx.doi.org/10.1038/srep00886
http://dx.doi.org/10.1103/PhysRevLett.71.2646
http://dx.doi.org/10.1103/PhysRevLett.71.2646
http://dx.doi.org/10.1209/epl/i2003-00261-y
http://dx.doi.org/10.1002/andp.19925040402
http://dx.doi.org/10.1002/andp.19925040402
http://dx.doi.org/10.1063/1.4746255
http://dx.doi.org/10.1109/77.620749
http://dx.doi.org/10.1103/PhysRevB.64.174406
http://dx.doi.org/10.1016/0011-2275(90)90270-M
http://dx.doi.org/10.1088/0034-4885/65/5/202
http://dx.doi.org/10.1103/PhysRevB.54.3514
http://dx.doi.org/10.1103/PhysRevB.76.174509
http://dx.doi.org/10.1209/epl/i2002-00146-1
http://dx.doi.org/10.1016/0921-4534(91)90643-D
http://dx.doi.org/10.1063/1.117216
http://dx.doi.org/10.1063/1.117216
http://dx.doi.org/10.1103/PhysRevLett.98.117001
http://dx.doi.org/10.1056/NEJMicm1106008

