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I shall speak about our recent experiments on phase escape and phase retrapping in varphi JJs. 
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R. Mints et al. PRB 57, R3221 (1998);  
A. Buzdin et al. PRB 67, R220504 (2003). 

& Proposal: E. Goldobin et al., PRL 107, 227001 (2011) 
& http://www.pro-physik.de/details/news/3790631/Supraleiter_als_Phasenbatterie.htm 

j y 

• Tanaka et al. PRB 56, 892 (1997)  
• Testa et al. APL 85, 1202 (2004) 
• Il’ichev et al. PRL 86, 5369 (2001) 

d-wave GB JJs (intrinsic j JJ) j JJ engineered from 0-p JJ: 

d-wave GB JJs (faceting j JJ) 
Splintered vortices due to GB faceting: 
• R. Mints et al. PRB 57, R3221 (1998);  
• Mints et al. PRL 89, 067004 (2002) 

degenerate ground state phase -j or +j 
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First of all, I would like to give a definition of a j JJ. Similar to the p JJ, j JJ has a non zero Josephson phase equal to j in the ground state, i.e. when no current is applied. The peculiarity of the j JJ is that its ground state is degenerate, i.e. the ground state phase can be +j or -j. One can use j JJ similar to the p JJ as a phase battery to phase-bias superconducting electronic circuits (see fig. above) or as a bistable element (bit) or qubit in quantum domain.In the literature, the JJs having the properties of j JJ were discussed for the 1st time in the context of grain boundary JJs made of d-wave superconductors by Tanaka et al. They showed that one can obtain a j JJ at certain parameters (e.g. misorientation angles of two films). Some experimental indications of j JJ  behavior were also found. For example, Testa et al. reported anomalous temperature dependence as predicted by Tanaka for j JJ. Il’ichev et al. detected doubly degenerate ground state as it should be in j JJ.Further, in a series of works Mints et al. derived an averaged current-phase for a grain boundary consisting of frequent 0 and p facets and found that one can obtain a j JJ due to facetting. In long j JJ this leads to appearance of the so-called splintered vortices. After this Buzdin et al. suggested that one can also make alternating 0 and p facets using JJs with ferromagnetic barrier. However to implement this idea practically, we do not want to fabricate infinitely long 0-p-0-p -... JJ. It turns out that it is enough to take just 1 period, i.e. a short 0-p JJ. We can treat this as black box with two wires (electrodes) coming out and derive the current-phase relation for this black box.



j Josephson junction 

& Proposal: E. Goldobin et al., PRL 107, 227001 (2011) 
& Experiment: H. Sickinger et al., PRL 109, 107002 (2012) 

& http://www.pro-physik.de/details/news/3790631/Supraleiter_als_Phasenbatterie.htm 

Bistable/two-level system Ratchets & co. 
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As a result of this derivation one obtains the following effective (or averaged) current-phase relation. Actually, here I show already the Josephson energy, which is an integral of the current-phase relation. The energy is a function of the average phase y across the “black box”. We see that energy has a term 1-cos(y) as in conventional JJ. Then there is a 2nd harmonic term 1-cos(2y). The prefactor G0 is always negative and depends on parameters of the system, e.g. lengths and critical currents of the 0 and p segments of the JJ. Let us observe the evolution of the energy profile when we start from G0=0 and make it larger by absolute value (remember, G0 is negative), see the left figure. For G0 near zero, U(y) has a single minimum and y=0 (black curve). As we decrease G0, the minimum becomes more shallow (red curve) and turns into maximum at some value of G0 (green and blue curves). Then the ground state is degenerate y = ±j. The value of j is defined by G0, as given by the eq. above.The right figure shows the effect of the last term proportional to the applied magnetic field h. Starting from the double well situation (j JJ, black curve), we see that magnetic field changes asymmetry between the wells so that one of the wells/states can even disappear completely.



Experiment: samples 
SIFS 0-p Josephson junction: 
L = 100+100 mm,   
jc0=67.8A/cm2, jcp=47.4A/cm2, 
L0 ~ 1.73 lJ,0,   Lp ~ 1.45 lJ,p, @300mK 

@ T = 2.35 K 

& H. Sickinger et al., PRL 109, 107002 (2012) 
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For experimental implementation of this idea one can use different technologies. In our case we use Superconductor-Insulator-Ferromagnet-Superconductor junction (top-left figure). The ferromagnetic layer has a step-like thickness so that  the left part of the junction behaves as p junction, while the right part behaves as 0 junction. Here (bottom-left figure) you see a top view picture of the real junction made using e-beam microscope and colored afterwards. Yellow/golden area is the area where the ferromagnetic layer was etched to decrease its thickness to obtain a 0 junction region.Actually, not every 0-p JJ can work as a j JJ. To obtain a j JJ the asymmetry between 0 and p regions should not be very large. Here (top-right figure) I show the region (yellow) where j junction (degenerate ground state) exists. The axes are normalized lengths of 0 and p regions. The plot is made for given critical current densities in 0 and p regions. One can see that if the 0 part is much longer than p part, then we always get 0 JJ (see the white 0 state region in fig.). If the length of p part is much longer than the one of 0 part, we end up with p JJ (see the white p state region in fig.). Our particular sample is represented by the blue star. Note that if both 0 and p regions are short (in normalized units) then the asymmetry should be very small. Thus, to have larger margins, we use not very short JJ with the lengths of both parts ~1.5lJ. However, in this case the theory presented before works only qualitatively. 



IVC: two critical currents 

• Ic+ is always observed 
• Ic- only @ 0.3 K < T < 3.5 K  

(low damping a) 
• immediate retrapping in the +j well 

(high damping a)  

Observation of Ic+ and Ic- 

state detector! 

& H. Sickinger et al., PRL 109, 107002 (2012) 
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So, we have our sample, but how do we prove experimentally that it is a j JJ? One of key features of j JJ is that it has two critical currents. This is easy to understand if we consider a double-well Josephson energy profile (left figure). When there is no applied current, we have the double well potential presented before (black curve). When we apply a bias current, the energy profile tilts (as for a washboard potential). Imagine that the phase was initially in the left (-j) well. Then we increase the bias current and when we reach the tilt indicated by the green curve the phase escapes and we observe a critical current Ic-. However, if the phase was in the right (+j) well, this well does not disappear at this tilt (right minimum of the green curve). So we need to tilt even more, up to Ic+ for phase to escape from the right (+j) well (blue curve).The experimentally measured I-V characteristic is presented here (right figure). Here you see three I-V curves: black, red and green. We see that black curve shows smaller critical current ±Ic- (for both polarities). Red and green I-V curves show larger critical currents ±Ic+.  The main message of this slide is that the measurement of the critical current (Ic+ or Ic-) can be used to detect an unknown state (+j or -j) of the j JJ.  



Phase retrapping in j JJ 
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IVC and phase retrapping 

state detector! 

& H. Sickinger et al., PRL 109, 107002 (2012) 

I--V characteristic 

If j-JJ returns from the non-zero voltage 
state (sliding phase) to zero voltage 
state 
 
in which well is the phase trapped? 
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The main question that we would like to ask here is: in which state (+j or -j) the phase will be retrapped when the JJ returns from finite voltage state to zero voltage state (left figure)?To answer this question lets us consider a simplest (deterministic) model without (thermal or quantum) noise and with constant damping. Then, in terms of tilted 2p-periodic double well potential the problem looks as follows. At large bias current (large tilt), see the blue or green curves (right figure) the phase slides down the potential. When we decrease the bias (tilt) quasistatically, at some point the phase will stick, i.e. it will not be able to overcome the main maximum of the potential (red curve) and will move back. If the friction/damping is large enough, the phase will surely be trapped in the right well. However, for smaller  friction/damping the phase may go over the small maximum to the left well or even again in the right well. To analyze this problem quantitatively, we have to solve the following equation. Here UJ is the our 2p-periodic double-well Josephson energy profile, a is the damping, and g is the bias current (all in normalized units). This (non-linear) differential equation can be solved only numerically.



Phase Retrapping 

Perturbation theory (a<<1, g<<1): 
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Actually the solution of our problem we do in two steps. First, for given damping a we have to determine the value of the tilt g when retrapping takes place. We denote it gR. The tilt gR corresponds to the situation when the phase “hardly” passes the large maximum of the potential (formally with zero velocity) then moves over the next period of the potential and arrives to the next main maximum of the potential with zero velocity (and cannot go over). On the phase plane (left-bottom figure) this corresponds to the upper line going from the point y = -p with zero velocity to the point y = +p with zero velocity. The results of numerical calculations are presented here  (right figure) by the symbols. Different curves correspond to different values of G0 (depth of the wells). One can notice that those are almost straight lines. Indeed for small damping a, one can use a perturbation theory to calculate gR. The result is given by a very simple formula, where I(G0) is some integral, which depends on G0. This is plotted as lines in (right figure). We see that gR is indeed proportional to a for small a.Second, we should determine the destination well. For this, we start at y = +p-e and zero velocity and solve our differential equation forward in time to find the destination well (rest of the pink curve in bottom-left figure)



Butterfly effect 

& E. Goldobin et al. PRL 111, 057004 (2013) 
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On the left side I show several numerical solutions for different parameters of the model. One can see that the phase can be trapped in the left well (top), can go to the left well but then back to the right well and trap there (middle) or even go 5 times back and forth over the small potential barrier separating the wells before being trapped in the left well (bottom). The final result is presented on the right side. Here you see 4 plots for 4 different values of G0. Each plot shows the destination well (-j or +j) as a function of the damping a. One can see that for large a the destination well is always +j, as we already predicted in the beginning. As a decreases, there is a range of a for which the destination well is -j. Then it follows the shorter range of a, where the destination well is again +j and so on. We see that for decreasing a the destination well changes faster and faster so that in the limit of very small alpha even a tiny fluctuation of a or gR will result in a different destination well. In physics this is known as a butterfly effect --- extreme sensitivity of the final state of the system to initial conditions.



Presence of noise 
Simple model: low frequency Gaussian noise 
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Now, let us think what will happen if we have an additional noise like in real experiment. For the sake of simplicity we assume that the amplitude s of the noise is small and the noise is slow, i.e. much slower than the retrapping time. In this case, one can just make a convolution of the obtained plots with the Gaussian profile of the noise probability distribution with the width s (amplitude of the noise).  The result is presented on this plot (blue curve). Since the system with the noise is non-deterministic (stochastic) the result is the probability to trap in the left of right well (see the right axis). In this case we plot the probability P_ to be trapped in the left (-j) well. One can see that the noise is smoothing the sharp oscillations. In the limit of small damping the noise averages the result to 50% in the left or right well. This is more or less what we expect in the experiment.



Experiment: Retrapping+Escape 

f 

-j +j 

Nb-AlO-CuNi-Nb j JJ: 
L = 100+100 mm,   
jc0=67.8mA/cm2, jcp=47.4A/cm2, 
L0 ~ 1.73 lJ,0,   Lp ~ 1.45 lJ,p, @0.3K 
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Here I again present two I-V curves of the investigated sample taken at 300mK. We see again two critical currents. Then we do standard escape measurements: we ramp the bias current up and down. During the down sweep the phase is trapped in one of the minima (-j or +j) of the double-well potential. Then during the up sweep, we detect the critical current (Ic+ or Ic-), i.e. measure the state in which the phase was. We repeat this many (1000..10000) times to obtain switching current histogram, which exhibits two peaks (left figure): one just below Ic- and one just below Ic+. The number of evens in each peaks is proportional to the corresponding probabilities P+ or P-. 



Retrapping statistics vs. T 

Why saturation of P_ is not at 50%? 
• Asymmetric double well potential 
• Saturation of damping a(T) 
• other nontrivial effects 
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We repeated the measurements outlined above for different temperatures. In our case the damping strongly depends on temperature because we have tunnel junction. Therefore in experiment we change damping by changing the bath temperature. Temperature does not affect the noise level substantially because in our setup the noise is mainly electronic noise of the setup itself.The final result is presented here (bottom-left figure). One can see that the behavior of P_ is very similar to the expected one (top-left figure). Namely, starting from some damping/temperature and going toward lower damping/temperature the probability P_ shows several oscillations and then averages out to a constant level. However, this constant level is ~33%, rather than 50% predicted theoretically.We have considered several reasons that could lead to this deviation.



Retrapping statistics vs. T 
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The most probable and the most trivial reason is the saturation of the damping with temperature (see bottom-right figure). As temperature decreases the damping decreases too. However starting from ~1.2K the damping saturates (does not change anymore). Thus we simply reach some lowest value of a, where the probability P_ is different from 50% and oscillations of P_(a) are not finished yet. I would like to note here that the damping in our j JJ is not a well defined quantity because the I-V curve is not RSJ-like. The plot was obtained by fitting the low voltage part of the I-V curve using RSJ-model. 



Summary 
Summary: 
è Introduction to j-JJs and their main properties 
è Phase retrapping experiments:  

èOnset of the butterfly effect 
èSaturation at 33% instead of 50%  

(due to saturation of the damping) 
 

Outlook: 
è repeat the experiment with a low damping system (e.g. 

SIS JJ) to reach lower damping i.e. go deeper into the 
butterfly-effect region. 
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