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Fig. 1. (a) Schematic diagram of the superconducting film-
substrate system, where the applied magnetic field in-
creases linearly with time and is always perpendicular to
the surface of the superconducting film, where the supercon-
ducting film size is w X w and the numerical simulation re-
gion size is 2L, x 2L (b) E-J power instanton relationship
for superconducting material, n is the flux creep index. The
yellow filled area in the figure corresponds to the E-J in-
stantonal range of common superconducting materials. The
conventional conductor corresponds to n = 1, denoting the
Ohm’s law.
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Fig. 2. Flux distributions of superconducting thin films with
different parameter ng at the applied magnetic fields of
noH, =1.8 mT((a),(c),(e))and poHa =4.0 mT ((b),(d), (f)).
The substrate temperature is Tp = 2.5 K and the ramp
rate is uOHa =5T/s.
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Fig. 3. (a) The threshold field for the onset of flux ava-
lanches in superconducting films with different ng. The
lower region indicates the film is in magneto-thermal stable
state, while the upper region indicates the thermomagnetic
instability. (b) Maximum temperature and (c) magnetic
moment in superconducting films as a function of increas-
ing applied field for three different ng. The substrate tem-
perature is Tp = 2.5 K and the ramp rate is HOHa =
5T/s.
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Fig. 4. Distribution of magnetic field B, in superconducting fillms at the same applied field poH, = 3.1 mT with ng = 3, 18,

29 and Ty = 1.5, 2.5, 3.0 K.
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Fig. 5. Magnetic flux distribution in supercondeucting films
with different critical current densities at poHa = 1.6,
6.2 mT.
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Fig. 6. The threshold field poH, for the onset of flux ava-
lanches as a function of critical current density j.o The
lower region indicates the film is in magneto-thermal stable
state, while the upper region indicates the thermomagnetic

instability.
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Fig. 7. Thermomagnetic stability/instability diagram in the
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avalanches and smooth penetration. The error bars show
the accuracy of the dividing lines.
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Fig. 8. Magnetic field distribution in thin film at poH, =
1.8 mT ((a), (¢), (¢)) and 4.0 mT ((b), (d), (f)) for poHa =
2,9 and 15 T/s. The substrate temperature is Tp = 2.5 K.
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Abstract

The E-J relationship in conventional conductor generally satisfies the linear Ohm's law. However, the E-J
model in superconductors presents strong nonlinear characteristics, which is significantly different from that of
the conventional conductor. According to the nonlinear FE-J power law of superconducting materials, we
quantitatively investigate the relationship between the magnetic-thermal stability and the nonlinear constitutive
characteristic of superconducting films at different temperatures, magnetic field ramp rates, and critical current
densities by using the fast Fourier transform method (FFT). We find that the strong nonlinear electromagnetic
constitutive model plays a crucial role responsible for the onset and morphology (tree-like and finger-like) of the
magneto-thermal instability of superconducting thin films. In addtion, the reason why similar magneto-thermal
instabilities cannot be observed in conventional conductors is also explained. It can be found that the magnetic
field on the border of the superconducting film increases rapidly for a larger creep exponent due to the
enhancement of diamagnetism, which results in a large magnetic pressure and easily triggering off flux
avalanches. Therefore, the threshold field of flux avalanches in the superconducting film decreases with flux
creep exponent increasing. Finally, we present the curves that can clearly divide the ng-jeo plane and no-He
plane into magneto-thermal stability region and magneto-thermal instability region for superconducting thin
film with different levels of nonlinearity.

Keywords: superconducting thin films, magneto-thermal instability, magnetic flux penetration, nonlinear E-J

model
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