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Abstract 

Flux avalanches induced from thermomagnetic instability are crucial challenges 

for the application of superconducting thin film devices. In this paper, flux avalanches 

in a type-II superconducting thin film exposed to a transient AC magnetic field are 

numerically simulated by solving the coupled nonlinear Maxwell's equations and the 

heat diffusion equation based on the fast Fourier transform (FFT) method. The 

dependence of the threshold magnetic field on the ambient temperature, film thickness 

and magnetic field ramp rate are obtained through these numerical simulations, which 

show good agreement with experimental results. A linear increase in the threshold field 

as the film thickness increases and a nonmonotonic increase in the threshold field as 

the ambient temperature increases have also been found. Our numerical results 

demonstrate that the threshold field decreases exponentially as the ramp rate increases. 

Flux avalanche patterns observed in magneto-optical imaging (MOI) measurements for 

a film exposed to an AC magnetic field are reproduced. The hysteresis magnetization 

and maximum temperature jump curves are also illustrated. We find that fingering 

instability plays an important role in the thermomagnetic response of superconducting 

thin films under transient AC magnetic fields, especially for high magnetic field ramp 

rates.  
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1. Introduction  

Superconducting (SC) thin films are widely used in many application areas, such 

as superconducting quantum interference devices [1], microwave resonators [2], single-

photon optical detectors [3, 4], Josephson junctions [5] and so on. The dendritic flux 

avalanche is one of the most commonly encountered challenges in the application of 

superconducting thin film devices. When a flux avalanche occurs, the normally smooth 

magnetic field penetration will be interrupted by the sudden rush in or out of large 

numbers of vortices, which form dendritic structures in the superconducting film [6, 7].  

Flux avalanches originate from the thermomagnetic instability of superconducting 

thin films [8]. Above the lower critical magnetic field Hc1, magnetic flux penetrates into 

the type-II superconductor in the form of vortices (or flux lines) [9]. Any thermal or 

electromagnetic fluctuation will weaken the pinning of some vortices and initiate their 

motion [10]. Motion of the vortices dissipates energy and locally heats the 

superconductor. If the heat generated cannot be removed from the hotspot area in a 

timely manner, the pinning reduces even further which facilitates more vortices to move, 

and a positive feedback loop develops [11]. Thus, a dendritic flux avalanche is a result 

of competition between the dissipative vortex motion, thermal diffusion within the 

superconductor and heat transfer to the surrounding coolant, combined with nonlocal 

and nonlinear electrodynamics. Flux avalanches are usually considered unfavorable to 

the application of superconductors: 1) the suppression of critical current density in the 

hotspot area decreases current carrying capacity [12]; 2) the entry or exit of large 

numbers of vortices causes flux jumps and generates noise in superconducting devices 

[13]; 3) a sharp rise in the local temperature in the hotspot area induces a large thermal 

strain, and can cause irreversible damage and melting of the SC film when the 

temperature rises high enough [14, 15]. On the other hand, flux avalanches can be 

exploited to design flux injectors to allow for controlled injections of magnetic flux into 

superconducting films [16]; and flux jumps can be exploited for pulsed field 

magnetization of bulk superconductors [17, 18]. Thus, investigating flux avalanches in 

superconducting thin films is of significant importance from both theoretical and 
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practical applications perspectives.  

Experiments using magneto-optical imaging (MOI) have revealed that flux 

avalanches take place in numerous superconducting materials like YBa2Cu3O7-δ [14, 

19-21], MgB2 [22, 23], Nb3Sn [24-26], YNi2B2C [27], Pb [28-30], NbN [31], and so on. 

Except for the direct observations using MOI and other techniques to image the 

dendritic avalanche patterns, many theoretical efforts have been made to understand the 

thermomagnetic instability. Denisov and Dvash et al. [32-34] investigated the threshold 

condition for the thermomagnetic instability through linear stability analysis of small 

perturbations. Rakhmanov et al. [35] have obtained criteria for the onset of 

thermomagnetic instability of superconducting thin films that produced finger patterns. 

Aranson et al. [36-38] investigated the dendritic flux avalanches and the nonlocal 

electrodynamics of an infinitely long superconducting slab by numerically solving 

Maxwell's equations coupled with the heat diffusion equation. Zhou et al. [39, 40] have 

made significant contributions to the numerical simulations of flux jumps of 

superconducting slabs and bulks. To reveal the evolution of flux avalanches from its 

nucleation stage to the fully developed dendritic avalanche stage, Vestgården et al. [7, 

41-44] proposed a fast Fourier transformation (FFT) based iteration scheme to simulate 

the nonlocal electrodynamics of a finite-sized superconducting film. The scheme has 

been widely used to simulate the electrodynamics of various SC films under different 

circumstances, and the simulated flux avalanche patterns are strikingly similar to 

experimental observations [45-48]. However, simulations on the experimentally 

observed dendritic instability of superconducting thin films during the flux entrance 

and exit process for a transient magnetic field especially during an AC cycle [49, 50] 

have not been reported yet.  

In this paper, we report an investigation on the numerical simulations of flux 

avalanches in superconducting thin films exposed to transient AC magnetic fields. The 

magnetic flux distribution and the temperature evolution are simulated by solving 

coupled nonlocal electrodynamic equations and the thermal diffusion equation. We 

considered the effect of ambient temperature, film thickness and magnetic field ramp 
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rate on the avalanche behavior. The threshold magnetic field is also obtained through 

these numerical simulations. In section 2, we briefly introduce the theoretical 

formalisms used to characterize the flux avalanche behavior of SC films. The evolution 

of the magnetic flux and the temperature distribution in the superconducting film, as 

well as the threshold magnetic field for the avalanches are presented and discussed in 

Section 3. Finally, the conclusions are summarized in Section 4. 

2. Numerical Modelling 

The nonlocal electrodynamics of type-II superconducting thin films are governed 

by Maxwell’s equations: 

 
t

∂∇ × = −
∂
BE , 0∇ ⋅ =B , and ( )zδ∇ × H = J ,  (1) 

in which E is the electric field, J is the sheet current density, H is the magnetic field 

strength and relates to the magnetic field by B=μ0H, and δ(z) is the Dirac delta function. 

The distribution of temperature is described by the heat diffusion equation: 
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where κ is the thermal conductivity, c is the specific heat, T0 is the ambient temperature, 

h is the heat transfer coefficient, and d is the thickness of the SC film. κ, c, and h all 

vary with the temperature, T. The nonlinear voltage-current relationship which 

describes the sharp depinning of vortices in the superconductor is given by [43, 51]: 
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where n is the flux creep exponent, and it is assumed that n = 90ቀ ೎்்ቁ-50 [35, 52]. ρ0 is 

a resistivity constant for the flux creep state, and ρnornal is the normal state resistivity. T 

is the local temperature, Tc is the critical temperature, and Jc is the critical sheet current 

density which takes the following form: 

 [ ]0 ( ) 1 ( / )c c cJ J B T T= −   (4) 

where the magnetic field dependence of the critical current density is taken into 



 

5 

 

consideration, and Kim’s model [53] Jc0(B) = Jc0/(1+B/B0) is adopted. 

Here, we consider a square-shaped superconducting thin film of length and width 

L = W = 2a, and thickness d deposited onto a substrate (as shown in figure 1(a)). The 

film is zero-field-cooled below the critical temperature Tc, and subjected to an AC 

magnetic field perpendicular to the film plane at the ambient temperature T0. The 

waveform of the fast-cycling transient AC magnetic field is triangular, as shown in 

figure 1(b). The fast Fourier transform based iteration algorithm proposed by 

Vestgården et al [45, 48, 54] is adopted to simulate the flux avalanche behavior of the 

superconducting film. A numerical program coded with Matlab is implemented for this 

purpose. The method of lines is used to solve the coupled nonlinear equations (1) and 

(2). The simulation domain is discretized with 256×256 equidistant grids, and the time 

is integrated as initial value ordinary differential equations. The flux penetration process 

starts from a zero-field-cooled state with no flux trapped in the superconducting film 

under a uniform temperature T0. The material parameters of the superconducting thin 

film assumed in the simulations are the typical parameters of Nb film [35, 52] with ρ0 

= ρnormal = 6×10-9 Ω⋅m, Tc = 9.2 K, B0 = 100 mT, d = 50 nm, and a = 1.5 mm. The heat 

capacity of the Nb film is assumed to be c = 2×104(T/Tc)3 J/m3⋅K, the thermal 

conductivity κ = 20(T/Tc)3 W/m⋅K, and the coefficient of heat transfer between the 

superconducting film and the substrate is assumed to be h = 2×103(T/Tc)3 W/m2⋅K. We 

assume that the substrate is an electrical insulator and there is no electric current in the 

substrate. 

3. Numerical Results and Discussions 

From experimental measurements and theoretical analysis, thermomagnetic 

instability occurs in thin film superconductors above a certain threshold magnetic field, 

and this threshold field depends on the ambient temperature T0, the film thickness d, 

and the ramp rate of external field, and so on. Here, we present our numerical simulation 

results on the threshold magnetic field and the avalanche characteristics of the Nb thin 

film under transient AC magnetic fields. 
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3.1 Threshold magnetic field for thermomagnetic instability 

According to the analytical analysis in [55], when the main mechanism for 

suppression of instability is lateral heat diffusion under small magnetic field Ha, the 

threshold magnetic field, Hth,κ, at which the thermomagnetic instability event first takes 

place in the superconducting film becomes 
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where T* = |∂lnjc/∂T|-1 and the parameters jc, κ and n are temperature dependent. 

Regarding the adiabatic condition, when the instability is prevented only by the heat 

capacity of the superconductor, the threshold magnetic field can be given as [56] 
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A. Effect of ambient temperature 

Figure 2 shows the magnetic flux patterns of a 50 nm thick Nb film exposed to a 

magnetic field ramped from 0 to 2 mT at a ramp rate of 1000 T/s for different ambient 

temperatures. The bright color indicates the positive flux, while the dark one indicates 

negative flux. Initially, most of the superconducting film is in the Meissner state. As the 

field increases, the magnetic flux penetrates gradually from the edges. When the applied 

field reaches its threshold value, the smooth flux penetration will be interrupted by flux 

avalanches, starting preferentially from the central part along the edges. A further 

increase in the magnetic field results in more avalanches, entering one by one. At the 

early stage of penetration, the flux avalanche patterns show finger-like structures. If the 

applied field continues to increase, pronounced dendritic flux avalanches penetrate into 

the film. Each finger-like or branch structure shown in figure 2 indicates a flux 

avalanche event. It should be obvious that the flux avalanche behavior changes 

significantly as the ambient temperature changes. As seen in figure 2(a1)-(d1), under an 

external magnetic field ramped to the same value, more flux avalanche events occur in 

the SC film at lower ambient temperatures. Comparing the avalanche patterns at 3 K, 4 

K, 5 K and 6 K, it is also found that a transition from finger-like avalanche patterns to 
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more dendritic flux avalanches occurs when the ambient temperature increases. Similar 

results have been found experimentally in Nb films, where the SC film also shows a 

nonmonotonic response to the increasing temperature [49]. The dendritic flux 

avalanche is a result of flux motion and the local increase in temperature. The critical 

current density Jc(T) is a measure of the resistance to the flux penetration, which 

decreases as the temperature increases. At higher temperatures, the magnetic flux more 

easily enters the film which reduces the local heating. Thus, the threshold magnetic 

field becomes higher as the ambient temperature increases. In addition, it is also seen 

that the avalanche morphology exhibits more “diffused thicker” branches at higher 

temperatures. This is explained by the fact that width of the avalanche branch is mainly 

determined by the thermal diffusion perpendicular to the avalanche paths, and the 

thermal diffusion coefficient κ increases as the ambient temperature increases. 

The temperature dependence of the threshold magnetic field for the 50 nm thick 

Nb film exposed to a magnetic field ramped from zero field at a rate of 1000 T/s is 

shown in figure 3. The black squares in figure 3 represent our numerical simulation 

results. The dashed and dotted curves are the threshold fields obtained analytically 

based on the assumption that the main mechanism for suppression of the instability is 

heat capacity (adiabatic) and lateral heat diffusion, respectively [55] (see equations (5) 

and (6)). The red dots are the experimental results from [57] multiplied by a factor of 

0.02, which is obtained from the theoretical expression (5), since we used a much higher 

magnetic field ramp rate in the simulation which is different from reference [57]. In 

addition, one of the main focuses of this work is to investigate the effect of AC magnetic 

field on the flux avalanches. We used the specific geometric parameters to obtain results 

comparable with the experimental results in references [49] and [50]. Hence, we 

adopted the scaling expression (5) to remedy this discrepancy from the experiments in 

reference [57]. According to the analytical expression (5), the threshold magnetic field 

Hth,κ∝ w-3/5d3/5ܪሶ ௔ି ଵ/ହ, in which the thickness dependence of the critical current density 

(jc∝ d-0.5) is taken into consideration [58]. The ratio between the characteristic lengths 

of the film in our simulations and the experiments is rw = 1.5 mm/ 4.5mm = 1/3. The 
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ratio between the thicknesses is rd = 50 nm/0.5 μm = 0.1, and the ratio between the field 

ramp rates is rHat = (1000 T/s)/(0.1 mT/s) = 107. Thus, the ratio of the threshold field 

between our numerical simulations and the experiments is ܪ௧௛,఑௦ ௧௛,఑௘ܪ/   = (rw)-

3/5(rd)3/5(rHat)-1/5 ≈ 0.02. It is shown in figure 3 that the numerical simulation results are 

in good agreement with the experimental results. Comparing the numerical simulation 

results with analytical results, we can see that most of the numerical simulation and 

experimental results fall between the two curves. This is reasonable because both heat 

capacity and heat diffusion play significant roles in the thermomagnetic instability of 

superconductors. Our results show a sharp increase in the threshold magnetic field as 

the ambient temperature increases. 

B. Effect of SC film thickness 

In addition, film thickness has a significant effect on the thermomagnetic 

instability of thin film superconductors. In figure 4, we present the simulated flux 

avalanche patterns in the Nb film with different thicknesses. The film is exposed to a 

magnetic field ramped from zero to 2 mT at a rate of 50 T/s (f  = 6.25 kHz) at 3 K 

ambient temperature. As shown in figure 4, avalanches in the thin film show a finger-

like penetration profile, which is in qualitative agreement with the experimental MOI 

results [49]. For the thicker films, fewer avalanche events occur for the same external 

magnetic field and ambient temperature than for the thinner ones, and there is also a 

transition in the avalanche morphology from the branch tree-like to the straight finger-

like pattern. 

The thickness dependence of the threshold magnetic field on the film thickness is 

shown in figure 5. The dark gray squares are the numerical simulation results, where 

each data point represents the threshold magnetic field of the SC film for different 

thicknesses. The red dots indicate the experimental results taken from [59], where the 

geometry of the Nb film and other experimental conditions are similar to our 

simulations. The numerical simulation results show good agreement with the 

experimental ones. The threshold magnetic field follows a linear dependence on the 

film thickness, for both the numerical simulations and experiments. As expected, the 
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thicker the SC film, the higher the threshold magnetic field. 

C. Effect of magnetic field ramp rate 

The influence of the external magnetic field ramp rate on flux avalanche patterns 

in the Nb thin film is shown in figure 6. Figures 6(a1)-(a4), (b1)-(b4) and (c1)-(c4) show 

the numerically simulated magnetic flux distribution within the Nb film, when the 

external magnetic field is ramped from zero to 2 mT at the rates of 8 T/s, 100 T/s and 

1000 T/s, respectively. As shown in figure 6(a1)-(a4), when the magnetic field ramp rate 

is low (8 T/s), the flux smoothly penetrates into the SC film initially. If the external 

magnetic field increases further, giant dendritic flux avalanches penetrate into the film 

(see figure 6(a3) and (a4), for example). For higher ramp rates, fingering flux avalanches 

penetrate from the edges, and the number of avalanche events increases, while fewer 

giant dendritic avalanches occur in the film. Hence, when the external magnetic field 

ramp rate increases further, there is a transition from the branched dendritic flux 

avalanches to the finger-like dominated avalanche patterns. As predicted in [37], based 

on the linear perturbation analysis of heat diffusion and Maxwell’s equations, fingering 

instability arises when the magnetic field ramp rate is so large that the magnetic flux 

diffusion proceeds much faster than the heat diffusion. Microscopically, this may also 

be explained by the fact that under such an extremely high magnetic field ramp rate, 

vortices penetrate into the SC film with ultrafast velocities. The initially penetrated 

vortices form heated vortex channels, subsequent vortices penetrate along these 

channels, and do not have enough time to spread away from the channel, hence there is 

no bifurcation in the avalanche channels [60].  

The threshold magnetic field for the flux avalanches of the SC film under different 

external magnetic field ramp rate are shown in figure 7. The red squares indicate the 

numerical simulation results, each representing the magnetic field at which the first 

avalanche event occurs. The solid blue line shows the threshold magnetic field as a 

function of magnetic field ramp rate obtained from analytical expression (5). One can 

see that the threshold magnetic field decreases exponentially as the external magnetic 

field ramp rate increases. The numerical simulation results agree quantitatively well 



 

10 

 

with the analytical results. In the high magnetic field ramp rate region, large electric 

field ( / )a cE H H j  is induced in the film. When the electric field is larger than a 

certain critical value, nonuniform fingering instability develops (as the inset images 

show). According to the theoretical perturbation analysis, threshold magnetic field for 

the fingering instability is given as */ 2 /fing cH T j Eπ κ  [37, 56], which is usually 

much smaller than that for dendritic flux avalanches. 

3.2 Flux avalanches in an SC film under AC magnetic fields 

Since magnetic field variation (both the ramp rate and magnitude) is crucial to the 

occurrence of flux avalanches, the thermomagnetic instability will be enhanced when 

the SC film is exposed to an AC magnetic field. Here, we consider a 50 nm thick Nb 

film under an AC triangular cyclic field with a ramp rate of 1000 T/s at 3 K. Figures 

8(a) and (b) present the hysteresis curve for the magnetization jumps and the maximum 

temperature evolution in the film, respectively. The maximum temperature is defined 

as the maximum of the local temperature in the superconducting thin film. The inset 

images 1 to 5 in figure 8(a) are the flux avalanche patterns of the film when: the field 

increased from zero to +0.4 mT, decreased back to zero and to –0.4 mT, and then 

increased again to zero and to +0.4 mT, respectively. The images correspond to the 

arrows on the hysteresis magnetization curve. It can be seen in figure 8(b) that the first 

avalanche event takes place at about μ0Ha = 0.112 mT and more flux avalanches 

penetrate into the film as the external magnetic field increases further. When the 

magnetic field decreases, reversed vortices penetrate into the film through the same 

tracks, and antiflux avalanches occur during this process in the form of finger-type 

patterns (see image 2). Flux and antiflux coexist within the SC film when the external 

magnetic field deceased to zero. More antiflux penetrate into the film as the external 

magnetic field decreases further, and the antiflux avalanche dominates in the film after 

the magnetic field eventually decreased to its minimum –0.4 mT (see image 3). As the 

external magnetic field increases again, positive flux penetrates into the film in the form 

of finger-like avalanches almost along the same tracks of the antiflux avalanches. Our 
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numerically simulated flux avalanche patterns are in good agreement with the magneto-

optical visualization shown in figure 3 from [49]. In figure 8(b), we present the 

maximum temperature evolution within the film during the AC magnetic field. 

Compared with the simulation results previously reported for MgB2 thin film [46, 47, 

54], the temperature of the Nb thin film continuously increases as the external magnetic 

field varies. This may be attributed to the fact that under such transient magnetic fields 

there is not enough time for the heat generated during an avalanche event to transfer to 

the surrounding coolant before subsequent avalanche events occur.  

In addition, we have also investigated the effects of magnetic field ramp rates on 

the flux avalanche behavior. Figure 9 presents the flux avalanche patterns of the film 

exposed to a magnetic field ramped from zero to +2 mT, then decreased back to zero 

and to -2 mT, followed by increasing to zero and +2 mT. Figures 9(a1)-(a5) and figures 

9(b1)-(b5) illustrate the magnetic flux patterns of the SC film exposed to the magnetic 

field at the ramp rate of 8 T/s and 1000 T/s, respectively. As shown in figure 9, the 

morphology of the flux avalanche pattern reveals a quite disordered mixture of flux and 

antiflux regions while the film is exposed to the AC magnetic field. As shown in figure 

9 (a1)-(a5), giant dendritic flux avalanches penetrate into the SC film after the magnetic 

field increased to 2 mT at the rate of 8 T/s. When the external magnetic field ramps 

down to zero, antiflux avalanches penetrate into the film along the tracks already 

formed when the field was increasing. From figure 9(a2), we can see that once 

avalanches penetrate into the SC film, they remain “frozen” during the subsequent 

decrease of the applied field. As the applied field decreases further to –2 mT (see figure 

9(a3)), more antiflux avalanches penetrate into the film, and the magnetic flux 

distribution shows mosaic patterns. When the applied field increases back to zero and 

+2 mT again, flux avalanches penetrate into the film and overlap the previously formed 

avalanche tracks (see figure 9(a4) and (a5)). Moreover, the magnetic field ramp rate has 

a significant effect on the flux distribution and avalanche patterns. From the avalanche 

patterns shown in figure 9(b1)-(b5), we can see that straight avalanche channels 

penetrate into the SC film when the ramp rate is 1000 T/s.  
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In figure 10, we present (a) the hysteresis magnetization jumping curves and (b) 

the maximum temperature evolution of the SC film subjected to AC magnetic fields of 

ramp rates 8 T/s, 100 T/s and 1000 T/s, respectively. It is shown that the average 

magnetization as well as the maximum temperature jump size become smaller as the 

magnetic field ramp rate increases. For the low ramp (8 T/s), the temperature can return 

back to the ambient temperature after an avalanche event. However, as the magnetic 

field ramp rate increases, the temperature increases continuously as more and more 

avalanche events occurs in the film. From the maximum temperature evolution in figure 

10(b), we can infer that the temperature within the Nb film increases continuously as 

the AC cycle proceeds for high ramp rates. 

4. Conclusions 

In conclusion, a coupled thermomagnetic formulation has been proposed to 

numerically simulate the flux avalanche behavior of Nb thin films. The effects of 

ambient temperature, magnetic field ramp rate and film thickness on the 

thermomagnetic instability of the Nb thin film are investigated in detail. The 

dependence of the threshold magnetic field on the ambient temperature, the magnetic 

field ramp rate and the film thickness are obtained from the numerical simulations, and 

have been compared with both experimental results and analytical expressions based 

on adiabatic and thermal diffusion assumptions. The numerical results show good 

agreement with both. Furthermore, our numerical results demonstrate that both heat 

capacity and lateral thermal diffusion play important roles in the suppression of 

thermomagnetic instability in Nb thin films. The simulation results show the transition 

from dendritic to finger-like avalanches when the magnetic field ramp rate increased 

higher than certain value. The experimentally observed nonmonotonic response of the 

thermomagnetic instability has been verified in this paper. Furthermore, flux avalanches 

triggered by a transient AC magnetic field have also been investigated by numerical 

simulations. Flux avalanche patterns observed in MOI measurements are reproduced, 

and the hysteresis magnetization jump curves are also obtained. The simulation results 
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show that under AC magnetic fields most avalanche dendrites are reused during the 

subsequent flux entrance or exit process. The flux avalanches patterns transit from 

dendritic tree-like to the finger-like ones as the magnetic field ramp rate of the transient 

AC magnetic field increases. The hysteresis magnetization loops show noticeable noisy 

jumping response during both the increasing and decreasing process of the external 

magnetic field. The average magnetization and the local temperature jump size gets 

smaller as the ramp rate of the AC magnetic field increases. Our results show that the 

superconducting thin films are more vulnerable to flux avalanches under transient AC 

magnetic field, which need careful consideration in designing superconducting thin 

film devices. 
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Figure 1. (a) sketch of the modeled superconducting film-substrate system and (b) 

waveform of the transient AC magnetic field. 
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Figure 2. Flux avalanche patterns of the SC film subjected to an external magnetic field 

ramped from 0 to 2 mT at a rate of 1000 T/s (f = 125 kHz), at 3 K, 4 K, 5 K and 6 K 

ambient temperatures, respectively. (a1)-(d1) and (a2)-(d2) are avalanche patterns when 

the external field ramped from zero to 1 mT and 2 mT, respectively. 
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Figure 3 Temperature dependence of the threshold magnetic field for the Nb thin film 

with thickness d=50 nm and the external magnetic field ramp rate 0 1000 T/saHμ =  (f 

= 125 kHz). 
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Figure 4. Flux avalanche patterns in SC films of different thicknesses subjected to an 

external magnetic field ramped from 0 to 1 mT at a ramp rate of 50 T/s (f = 6.25 kHz), 

at 3 K ambient temperature. 
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Figure 5 Thickness dependence of the threshold magnetic field for the Nb thin film 

under an increasing magnetic field of ramp rate 0 1000 T/saHμ =  (f = 125 kHz), at 3 

K ambient temperature. 
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Figure 6 Flux avalanche patterns in the Nb film of thickness d = 50 nm, subjected to 

an external magnetic field ramped from 0 to 2 mT with different ramp rates, at the 

ambient temperature T0 = 3 K. (a1)-(c1), (a2)-(c2), (a3)-(c3) and (a4)-(c4) are avalanche 

patterns when the external field ramped from zero to 0.8 mT, 1.2 mT, 1.6 mT and 2.0 

mT, respectively. 

 

  



 

23 

 

 

 

 

 

 

 

 

Figure 7 Threshold magnetic field dependence on the external magnetic field ramp rate, 

for the Nb thin film of thickness 50 nm at 3 K ambient temperature.  
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Figure 8 (a) Average magnetization jump curve and (b) maximum temperature in the 

50 nm thick Nb thin film exposed to a transient AC magnetic field ramped from 0 mT 

 +0.4 mT  0 mT  -0.4 mT  0 mT  +0.4 mT at a rate of 1000 T/s  (f = 125 

kHz), at 3 K ambient temperature. The inset images 1-5 in figure 8(a) show the flux 

avalanche patterns in the SC film when the external magnetic field is ramped to the 

corresponding points indicated by the black dots.  
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Figure 9. Magnetic flux avalanche patterns in the Nb film exposed to AC magnetic 

fields with ramp rates of 8 T/s and 1000 T/s respectively, at the ambient temperature T0 

= 3 K. (a1)-(a5) and (b1)-(b5) are avalanche patterns when the magnetic field ramped 

from 0 mT  +2 mT  0 mT -2 mT  0 mT  +2 mT at the rates of 8 T/s and 

1000 T/s, respectively. 
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Figure 10 (a) Average magnetization jump curves and (b) maximum temperature of the 

Nb thin film (with 50 nm thickness) under a transient AC external magnetic field 

ramped from 0 mT  +2 mT  0 mT -2 mT  0 mT  +2 mT at different ramp 

rates, at 3 K ambient temperature. 
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