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ABSTRACT 

During investigations of the magnetic flux dynamics in 

thin auperconducting YBa2Cu307-, filma we have observed the 

spontaneous formation of a damage in the film, apparently 

induced by the applied magnetic field of 0.1T. The damage 

developed within lese than 4 0  ms ( the  time reaolution of the 

experiment) and showed up in t h e  magnetooptically recorded 

image of t n e  rlux above the sample as a path for massive flux 

penetration. A subsequent analysis revealed a 1pm wide gap In 

the YBa2Cu307-, film which had developed over a ma Jor portion 

of the 1.lcm2 sample. It i s  suggested that the film locally 

melted as a r e s u l t  of an instability of t h e  superconductor in 

t he  critical state. 
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One of the cen t r a l  aspects of thin e p i t a x i a l  HTSG films 

is their ability to carry very high current denaitfes, so far 

exceeding all the other forms of HTSC. Cloeely related i~ the 

behavior of these films in high magnetic fields. As a magnetic 

f i e l d  is applied, macroscopic shielding currents are induced 

which increase up to the critical current density. Beyond that 

field s t r e n g t h  flux w i l l  enter the sample g i v i n g  rise to f i e l d  

distributions which in principle are often s i m i l a r  to thoae 

predicted by the Bean c r i t i c a l  state model, modified by the 

fact that the demagnetization f ac to r  for the film geometry 

(with an external field perpendicular to the plane of the 

film) is very close to 1 

One could imagine that f o r  the f i l m  being in the critical 

state a quench process could take place due to Home sudden 

local dissipation, like for the quench of  a superconducting 

magnet, transforming part of the magnetic energy i n t o  h e a t .  

Such an event may be the origin for the observation that under 

certain conditions thin HTSC films were destroyed after 

exposing them to a magnetic f i e l d  i n  t h e  100mT range 2 .  In 

this letter we present r e s u l t s  which show auch a quench 

process in aitu for a quadratic Y B E I ~ C U ~ O ~ , ~  film (1-lm2) 

irmersed in super£ Luid 4 ~ e .  Using a magnetooptic technique we 

recorded the sudden penetration of magnetic flux as part of 

the shielding currents  were interrupted by a narrow gap in the 

film, which developed spontaneously on a timescale of less 

than 40ms. MicroscopPc i n v e s t i g a t i o n s  after the measurement 



wed that this magnetic field-induced damage extended across 

nearly half of the sample at a width o f  about 1pn. 

The thin epitaxial YBa2Cu307,, film (thickness d=f50nml 

specific resistance at lOOK p='lOflcm) inves t igated  bare w a e  

thermally evaporated onto 1- lcm2 MgO substrate. b description 

of the preparation process can be faund In 3 .  The transition 

temperature of the film was 88K, and the critical current 

density jc was approximately 2 . 1 ~ ~ ~ l c m ~ .  

The magnetic f l u x  d i s tr ibut ion  w a s  investigated w i t h  a 

magnetooptic technfque 4 .  The l i g h t  inteneity d i s t r i b u t i o n  of 

t h e  resulting images as in Fig.1 is a meesure for  the f i e l d  

distribution, where b r i g h t  and dark areas correspond to high  

and l o w  magnetic fields, respectively. The images are recorded 

continuously with a video system allowing to reconstruct and 

analyze not only slowly varying field patterns, but a l e o  

spontaneous changes in t h e  f l u x  distribution. Up to now t h e  

t i m e  resolution is mainly limited by the camera to about 40ms. 

The spatial resolution of the experiment is approximately 

5 0 ~ .  The measurements w e r e  carried out with the sample being 

immersed i n  superfluid helium at a temperature o f  2K. 



The penetration of the magnetic flux in thin YBa2Cu307,, 

films perpendicular to t h e  external field h e s  already been the 

topic of an earlier paper 4 .  For our square samples the f i e l d  

is found to penetrate preferentially from the mrddle of the 

edgea as shown in Fig.1, for an external f i e l d  BeXt=30mT. 

Since the pinning forces vary on a local scale, the resulting 

field distribution is not completely symmetric and smooth, but 

displays structures in the sub-millimeter range. In contrast 

to t h e  phenomenon to be discussed below, however, the 

formation of these structures doea not lead to an irreversible 

damage of the superc~nducting film. 

According to our experiments the formation of the 

atructurea,  i-e. the arrangement of the flux di~tribution, 

typically fallows changes of the external field within less 

than a second, with only minor effects on a longer t i m e  e c a l e  

due to flax creep. As an example, Fig. La showa the sams film 

as in Fig.1, with BeXt now being increased to 100mT. The 

p i c t u r e  corresponds to a quasi s t a t i c  situation 1 min after 

Bext had reached its final value, but the pattern is 

practically indistinguishable from those of the preceding 60 

sec. 

Then, however, within one video frame (40ms) a dramatic 

change occurred, as displayed in Pig.2b: Superimposed on the 

original field distrLbution is now a filigree "snow flaken 

structure, which also extends into formerly dark region0 of 

the f i l m ,  where shielding was large. The gtructure eesentially 

develops within a t i m e  t<40ms, which  w e  have checked b y  



comparison with t h e  following frames, apar t  perhaps from some 

of the outer branches. A f t e r  t h i s  event the p a t t e r n  waa stable 

again for more than l0min. It should be pointed oat that the 

underlying field distribution, which was a l r e a d y  present 

before t h i s  momentary event, hardly changed during the whale 

procese. Thia ia already suggested by a direct comparison of 

Fige.2a and 2b, and is more quantitatively illustrated by 

F i g . 2 ~  which displays the intensity distribution obtained by 

subtracting Fig.Za from 2b ueing an image procesming aystem. 

W e  ascribe the formation of the snow f l a k e  structure to 

an Instability of t h e  current-carrying superconducting state, 

if due to some fluctuation, e.g .  the depinning of  a flux 

bundle, dissipetlon starte at one point of the film, leading 

to a l o ca l  temperature increaee above Tc. Ohmic losses of t h e  

shielding currents can then lead to an expansion of the 

diaeipative region. We suggest that depending on the 

experimental d e t a l l e  this expansion can be very rapid, and 

branching can appear aLmilar to other inatabillties, like 

dendritic growth. Details of this model  w i l l  be publ ished in a 

separate paper. Here we concentrate in the following on an 

irrevereible change of the film during this process, namely a 

local destruction of the YBa2Cu307,, material. The region 

where t h e  damage a£ the film took place is v i s i b l e  in Pig. 2b 

as a bright stripe extending in t h e  left h a l f  of the p i c t u r e  

marked by the arrow. T h a t  one Is really dealing with an 

irreversible change becomes apparent from Pigs.3a and b, 

obtained after cycling the whole sample above Tc. Although the 

gross features of t h e  f l u x  pa t t ern  are similar t o  those of 



Figs.1 and 2a (in comparable e x t e r n a l  f i e l d s ) ,  penetration of 

t h e  flux along the damage i a  obvioue . 
Inspection of the film after warming up to room 

temperature showed that a gap about 3 m  long and lpm wide had 

developed i n  t h e  film, which coincided with the trace of flux 

penetration in Fig.3. The cross section of t h e  gap was 

determined by electron mlcroscepy (Fig.4) and by s scanning 

near field acoustic micrascope (Fig.5). The profile obtained 

by the latter reveals that most of the YBa2Cu307,, material 

was removed during t h e  procesa of t h e  gap formation. Obviously 

part of k t  waa deposited along both rima of the gap. Prom the 

electron microscope picture we i n f e r  that the depoeited 

material is insulating, because that part of the p i c t u r e  

becomes blurred (due to Local charging of the surface], 

whereas  t h e  rest remains sharp. These results suggegt that, 

although our sample was immersed i n  superfluid helium, a 

eufficient amount of hea t  developed t h a t  t h e  film temperature 

locally n o t  only i n c r e a s d  up to T,, but became even one order 

of magni tude  higher.  Coneequently the YBa2Cu30,-, material 

melted and partly evaporated so that material was removed 

( l ead ing  to t h e  gap) or changed Pn stochiometry (along the 

rime o f  t h e  g a p ) .  

A ~ i m p l e  estimate shows t h a t  the energy s tored  i n  the  

sample due to the shielding currents le about 10-~9, which is 

comparable w i t h  the energy necesaary to evaporate the 

YBa2Cu307,x film along the gsp (450pm3). Hence moat of the 

stored energy is necessary to generate the damage, ao that, ae 

obeerved in Fig.Zc, a major part of the redeatribution of flux 



t decrease the flux gradients and thus the shielding 

,uLrents. It should be mentioned that the heat carried away by 

the superfluid He is limited by film boiling for the process 

suggested here and is negligible on a time scale of 40ms. 

Details of t h e  dynamics of the damage formation are 

presently under investigation. From the shape of branches 

which are  found at some points of the gap one might conclude 

that the damage developed from the center towards the edge of 

the sample. This will be studied more accurately by generathg 

deliberately a non-aupercanducting spot on a virgin YBaZCu307- 

film, e . g .  by irradiation w i t h  a focussed laser beam, and 

following the development using a high speed camera. 

In summary, w e  have shown that spontaneous destruction of 

a superconducting film can occur when the film is exposed to a 

magnetic field in the 100 mT range. The damage fa ascribed to 

an instability of the superconductor in the czitlcal s t a t e .  In 

addition, the resulte also demonstrate that the magnetooptic 

techniqne is a well-suited method for testing the quality of  

superconducting films. It appears interesting to note that t h e  

event observed h e r e  will be the more Likely the higher the 

critical current density of  a film, because the stored energy 

is directly proportional to the square of the shielding 

currents. 

We thank W. Pruaseit-Elffsoth and K.Friemelt for the 

elctson microscopy and P.Giithner for the scanning near field 

accaustic microscopy. This work was supported by the Federal 



Ministery o f  Research and Technology (BHFT) of the Federal 

Republic of Gemany,  grant  number 13N5705, and by t h e  

Schwerpunktprogranmt Land Baden Wiirttemberg. 



1. H . Z i - j l s t r a ,  Experimental Methods in Magnetism 2, 

Selected Topics in Solid State Physics 2, EdLtar 

E.P.Wohlfarth, North Holland Publishing Company 

2. R.G.Humphreys, private communication 

3 .  P.Berberich, J.Tate, W.Dieteche, H.Klnder, hppl. Phya. 

Lett. 53 (1988) 925  

4. P.BrUll, D.Kirchg3ssner, P.Leiderer, Physkca C, 182 

(1991) 339 

5. P-GUthner, E.Schreck, K.Dransfeld, U.Ch.Pischer In 

R.J.Behm et al. (eds.) Scanning Tunneling Microscopy 

and related methods, (1990) Kluwer Academic 

Publishers, p.507, printed in the Netherlands 



Fig.1: Magnetic flux distribution for an epitaxial YBa2Cu307,x 

film on a 1-lcm2 MgO substrate in an external field BeXt=30rnT 

(after zero field coo l ing  to T=2K). B r i g h t  areas correspond to 

high field. The contour of the sample i s  outlined by the 

expelled flux along the edges. Most of the sample is still in 

the Meissner state, and therefore t h e  central part appears 

dark. 

Fig.21 Flux distribution for the same sample as in Fig.1 with 

BeXt=100mT after zero f i e l d  cooling. a) About 1 minute a f t e r  

the external f i e l d  seeched its  final value. b) Sudden 

appearance of additional flux, mainly in the central part, 

which was best s h i e l d e d  in a). c) Flux distribution after 

subtracting the intensity distribution of Fig.2a and 2b by 

image processing. 

Fig.3: Flux distribution for BeXt=2OmT (Piq.3a) and BeXt=100mT 

(Eig.3b) for the same sample as in Fig.2 after heating the 

supercondutor above T, and zero field cooling back to T=ZK. 

The flux enters preferentially through the gap near the middle 

of the edge on the left s i d e .  

Fig.4: Electron microscope image of the YBaZCu307-x film showing a 

small fraction of the gap which had developed during the 

spontaneous change of the flux distribution depicted in Fig.2. 

In t o t a l  the gap is about 3 m  long and lw wide. 

Fig.5: Height profile of the YRa2Cu3O7,, film i n  t h e  vicinity of 

the gap, detected with a scanning near field accoustic 



microscope. The surface of t h e  undamaged film i s  t h e  zero 

level of the h e i g h t  scale. Obviously there  ie material 

deposited along t h e  r i m  of  t h e  gap, and in the m i d d l e  of the 

gap t h e  Y8a2Cu3O7-, f i l m  (thickness d=150m) is removed. 
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