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1) Purpose of the visit

We planned to simulate numerically the response of the superconducting bridge/film to a short pulse of ac current which models the radiation induced current in the superconductor. The main aim of our research was to find the characteristic time needed for the rearrangement of the lattice of slowly moving Abrikosov vortices to fast vortex motion along a quasi phase slip lines. Besides we planned to find the response of the superconducting film with nonuniform current distribution (in absence of the vortices in the superconducting state) on the short pulse of the current and to compare our results with the results of recent experiment (see  Ref. [1]) .      

     
[1] P. Probst, A. Semenov, M. Ries, A. Hoehl, P. Rieger, A. Scheuring, V. Judin, S. Wunsch, K. Il’in, N. Smale, Y.-L. Mathis, R. Muller, G. Ulm, G. Wustefeld, H.-W. Hubers, J. Hanisch,  B. Holzapfel, M. Siegel, and A.-S. Muller,  Nonthermal response of YBa2Cu3 O7−δ thin ﬁlms to picosecond THz pulses, Phys. Rev. B  85, 174511 (2012).
2) Description of the work carried out during a visit
We did our numerical simulation by using the generalized time-dependent Ginzburg-Landau equation 
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coupled with the equation for the electric field (which comes from equation div(js+jn)=0) and with a kinetic equation 
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In above equation (e-ph is an inelastic relaxation time due to electron-phonon interactions, ( is a complex order parameter and ( is an electric potential (below we measure it  in units of (0=(0/e). To simplify calculations we solve only kinetic equation for so called longitudinal part of fL(E)= fL0(E)+ (fL, which describes effects connected with cooling/heating of quasiparticles (it is usual approximation used in all previous theoretical works on this subject - see for example book of M. Tinkham 'Introduction to superconductivity'). In Eq. (2) N1 is the local density of states, R2 is a imaginary part of anomalous Green function and fL0 is the equilibrium longitudinal quasiparticle distribution function. From physical point of view such an approximation assumes that the conversion of the normal current to the superconducting one occurs on distance ~((T)=(0/(1-T/Tc)1/2 near normal metal -superconductor boundary, which is a good approach at T<=0.9Tc due to large contribution of the Andreev reflection to this process.
By starting our simulations we find that the initial model should be changed and instead of application of ac current it is more natural to switch on the current at some moment of time and when wait for the response of the superconductor. In this case time dependent ac signal does not hinder the physics behind the destruction of the superconducting state by sudden switching of the current and our results could de directly compared with many preceding works (both experimental and theoretical) on this subject. Besides this approach still allows one to compare our results with recent experiment (Ref. [1] in Section 1).
In the simulation we take two values of the ratio of the inelastic electron-phonon relaxation time to (0=
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: (e-ph/(0=60 and 250 ((0 is a superconducting gap at zero temperature and in a weak coupling limit (0~1.76kBTc). These two values are typical for both low and high temperature superconductors and allow to see the dependence of time delay on this important control parameter. In numerical simulations we take a bridge with size 50(0 by 60(0  (at low magnetic fields when where is no vortices in the superconductor in superconducting state) and fixed temperature T=0.9Tc (it nearly corresponds to experimental case [1]). By applying small magnetic field one makes the current density distribution nonuniform across the bridge and it simulates nonuniform current distribution in the real experiments, where it could come from self (transport current)-induced magnetic field (even in the absence of external magnetic field).  In this case when one applies suddenly the current larger than the critical current Ic the superconducting state first start to be destroyed at one edge of the film (where current density is maximal). This case differs qualitatively from well studied case with uniform current density distribution across the film when superconductivity is suppressed uniformly. In our case one would expect nucleation of the vortices at one edge and their motion to the opposite edge and it should affect the time delay in the appearance of the voltage response.

At large magnetic fields (when vortices may exist in the superconductor even in the absence of the current) we choose larger size of the bridge 80(0 by 60(0.  Larger size of the bridge allows to study how rearrangement of the moving vortex lattice affects the voltage delay after switching on the overcritical current I>Ic. 
At calculations we first find a stationary state corresponding given value of the magnetic field. Than we apply current at t=0 and increased its amplitude during finite time dt=10(0 (it was done from technical point of view because it stabilizes the numerical convergence).  
3) Description of the main results obtained

First we present results for low magnetic fields. In Fig. 1 and we present the dependence of the delay time as function of applied current for value of ratio (e-ph/(0 =60 (result for (e-ph/(0 =250 is qualitatively the same). One can see that when the magnetic field is relatively weak (at our parameters of the bridge H<0.02 Hc2 - it is low in sense that it does not provide considerable gradient of current density over the width of the film) results are similar to case when j(x)=const. There is a monotonic decrease of (d  with increasing applied current. It is interesting to note that already at I/Ic>1.3 the time delay becomes smaller than (e-ph.  
But, at field H=0.03 Hc2 and especially at H=0.04 Hc2 time response changes considerably. At field H=0.04 Hc2 the ratio of current densities at opposite sides of the film reaches 4  (at I=Ic) and time-dependent response of the film becomes qualitatively different from lower magnetic fields. When current only slightly exceeds Ic(H) in the film there is only slowly moving vortices and it results in much smaller voltage response than at lower H, where there is a phase slip line and the voltage drop is much larger at I ( Ic (see Fig. 2, where calculated current-voltage characteristics of the bridge in dc regime are present).  
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Figure 1. Time-dependent response of the superconducting bridge to the sudden application (at t=0) of the current larger than Ic(H) (it is calculated at different magnetic fields). In the inset we present dependence of time delay (time when voltage response becomes larger than 0.2 (0 – see dashed line) on I at different magnetic fields.
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Figure 2. Current-voltage characteristics of the superconducting bridge at different magnetic fields. In the inset we present the snap-shots of the order parameter distribution in the bridge at different currents when H=0.04Hc2.
In the bridge with nonuniform current distribution the resistive state starts from appearance of the slowly moving vortices. Due to larger relaxation time of the order parameter (which comes into game via Eq. (2)) behind the vortex there is a wake, where ( is suppressed (see inset in Fig. 2). When the time  between consequent passage of two vortices becomes smaller (roughly) than (e-ph  the order parameter does not have time to recover and instead of slow vortex motion one has fast vortex motion along the ‘channel’ where order parameter is dynamically suppressed (forming in this way so called phase slip line). There is some threshold current above which the dynamically formed normal metal-superconducting boundary looses stability and normal domain spread along the film. If this threshold value is below than Ic(H) than one observe jump to the normal state at I(Ic(H). It is the reason why at relatively larger current IV curves practically does not depend on magnetic field (see Fig. 2) – at our parameters Ithreshold=0.35 j0Wd. 
It is important that in the considered model the effect of Joule heating is neglected. It is partially justified at T close to Tc because the critical current is relatively small (Ic~(1-T/Tc)3/2) and if one is interested only in the initial part of the time response the heating does not provide the strong effect (it heats the system on time scale of about (e-e (inelastic relaxation time due to electron-electron interactions) which is supposed to be much longer than (e-ph ). 
In case when magnetic field is relatively large (at such fields vortices exist in the bridge  even at I=0) the results resembles ones for vortex free state at H=0.04Hc2. At low currents (I~Ic(H)) there exist slow vortex motion (one can see it as a tail of IV curve at I~Ic(H) –see right inset in Fig. 3)  and at I>I* there is fact vortex motion. It is interesting to note that when one applies current I>I* it takes long time before slow vortex motion transforms to the fast vortex motion (see Fig. 3). The same is true for case H=0.04 Hc2 (see Fig. 1) where one first may observe voltage oscillations with low amplitude which are evolved to the slightly varying in time large voltage.  The typical time delay at I~I* is much larger than (e-ph.
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Figure 3. Time-dependent voltage response at relatively high magnetic field (H=0.2Hc2). In the left  insets we present the snap-shots of the superconducting order parameter at different applied currents ( a- j=0.22 j0, b- j=0.18 j0 and c- j=0.12 j0) when voltage saturates. In the right inset we present current-voltage characteristic of the bridge at given magnetic field.
On the basis of the obtained data we may formulate the main results:
1) Time delay in appearance of the voltage in the superconductor after sudden switching on of the current larger than critical current Ic depends on the current distribution in the sample. When current is distributed nearly uniformly then the time delay is the shortest one and one recovers well known results for quasi 1D case. In the case of strongly nonuniform current distribution the time delay becomes larger and it is explained by initially low velocity of first vortices which appears in the regions with locally larger current density. 

2)  Time needed for transformation of the slow vortex motion to the fast vortex motion may considerably exceed (e-ph. This time is mainly determined by the vortex redistribution in the superconductor and could go to infinity (formally) at some I~I*>Ic(H) where such a transformation occurs. It resembles in many respect the divergence of (d for superconductors with uniform current distribution when I(Ic. But note the qualitative difference between these two cases from  physical point of view. In the vortex free state (d(infinity when I(Ic because left hand side of equation (1) goes to zero. In the mixed state (d(infinity when I(I*>Ic(H)  because the switching from one dynamic resistive state to another (more resistive) state occurs step by step by many time passage of the Abrikosov vortices though the same pathway in the superconductor.
We also can compare our results with experimental results of Ref.[1]. From different experiments it was found that (e-ph is about 10-100 ps for YBCO. In Ref. [1] it was claimed that the duration of the pulse of electromagnetic radiation was less or about of 20 ps. Therefore we may conclude that to observe the voltage pulse one needed the amplitude of the induced current much larger than Ic and I* of the superconducting bridge. In this case the behavior of the bridges with uniform and nonuniform current distribution is nearly similar (at least qualitatively) and transformation of slow vortex motion to the fast vortex motion could occur on time scale much less than (e-ph.
4) Future collaboration with host institution 
The collaboration with group of Prof. F.M. Peeters is going to be continued. Most probably the following task is connected with modeling of the magnetoresistance of thin superconducting film placed in parallel magnetic field (which is also in parallel to the transport current). This problem is inspired by recent experiment in Argonne National Laboratory (USA) and it could be connected with specific dynamics of the single vortex chain in such a superconductors.    
5) Projected publications / articles resulting or to result from the grant

On the basis of the obtained results we are preparing paper. We plan to submit it to Physical Review B journal in October, 2013.

6) Other comments (if any) 
� EMBED Equation.3  ���
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