REPORT ON THE PROJECT WORK 
“Confined condensate and vortices in hybrid superconducting/ferromagnet nanostructures”
Supported by the ESF through an Exchange Grant in the framework of the AQDJJ-Programme.

As addressed in the research plan presented with the application of the grant, the aim of the exchange visit was to investigate the confinement effects on the superconducting condensate of hybrid superconducting/ferromagnet (SF) nanostructures. The interest for this issue arises from the novel properties that the interaction between superconductivity and magnetism at submicron scales may induce in these nanosystems [1]. For instance, perpendicularly magnetized magnetic dots with circular shape may be used to tune the nucleation of superconductivity in loops and disks [2], while on top of structures with discrete symmetry they may induce multiquanta vortex entries in the sample and an expansion of the symmetry consistent vortex-antivortex patterns at the boundary that facilitates their experimental observation [3]. Besides, it was also among our purposes to further investigate the quantum effects in individual nanosuperconductors, since this research is part of the basic knowledge required to understand the properties of the SF nanostructures.

Therefore, during the stay we have studied the superconducting phase of two different structures, namely, an individual mesoscopic triangle and a hybrid superconducting/ferromagnet nanosystem consisting of a microsquare with a magnetic dot on top. In previous works we had already investigated, by using the linearized Ginzburg-Landau (GL) theory, the symmetry-induced effects at the normal-superconducting phase boundary [TC(H)] in both nanostructures [3,4]. However, these properties are expected to disappear deep inside the superconducting phase, where the non-linear effects related to the non-linear term of the GL-equations cannot be ignored. Therefore, to perform experimental studies and for the design of potential applications of these nanosystems it is of fundamental importance to determine the range of stability of the symmetry-induced effects close to TC(H) including, in particular, the symmetry-consistent vortex patterns. For that, it has been used a procedure to solve the non-linear GL-functional under the superconductor/vacuum boundary condition with the help of a Monte Carlo method that can be adapted to both individual microsuperconductors and hybrid SF nanosystems.

For the individual mesoscopic triangle we have calculated the normal-superconducting phase diagram of the structure in a wide range of temperature and fields. This has allowed us to determine the symmetry-breaking and symmetry-switching transitions that the nucleated order parameter may undergo when decreasing the temperature well below the phase boundary, and a tendency to recover the triangular Abrikosov lattice at low temperatures and high applied magnetic fields has been detected. Nevertheless, the symmetric vortex-patterns at the TC(H)-boundary, in particular those involving vortex-antivortex pairs, are stable in broad temperature and fields regions, thus making their observation possible by using vortex imaging techniques. In addition, we have also found a crossover between two vortex states with the same fluxoid quantum number (also called vorticity) unexpected for other regular polygons [5] that can be attributed to the coincidence between the symmetries of the sample and of the Abrikosov lattice. Our results also indicate that the different transitions between vortex states can leave measurable traces on the behaviour of the magnetization versus temperature curves, thus providing new possibilities for their investigation. 

In what concerns to the superconducting phase of the structure consisting of a microsquare with a magnetic dot on top, we have found that the symmetry breaking effects with decreasing temperature strongly differ from those expected in the square itself [5]. In particular, we have observed that the usual increment of the vorticity by 1, broken close to TC(H) due to the multiquanta vortex entries, is restored deeper in the superconducting state. One of the mechanisms of this recovery of vorticity values is the flux expulsion already observed in individual microsuperconductors, but we have also found that in this SF nanostructure vortices can be spontaneously generated when cooling down the sample. As in the case of the individual mesoscopic triangle, the transitions between vortex patters, including those involving the spontaneous nucleation of vortices with decreasing temperature, give rise to measurable effects in the magnetization. 

The results obtained during the stay described above have been summarized in two manuscripts: "Vortex states inside the superconducting phase of a thin mesoscopic triangle", by Carlos Carballeira, Gerd Teniers, Victor V. Moshchalkov, Liviu F. Chibotaru and Arnout Ceulemans; and "Symmetry breaking effects and spontaneous generation of vortices in hybrid superconductor/ferromagnet nanostructures", by Qinghua Chen, Carlos Carballeira and Victor V. Moshchalkov. They have been submitted to, respectively, Europhysics Letters and Physical Review Letters. In both of them the support from the AQDJJ ESF Programme is explicitely acknowledged.
Finally, it is worth to mention that this stay has also contributed to strengthen the collaboration between the applicant and the host institution. For the next future we are already planning to address novel issues in the field of nanosuperconductivity as, for instance, the confinement effects in d-wave superconductors. In addition, we also expect to extend this collaboration to other members of the applicant’s home laboratory. This will be already done before the end of the year through a three months stay of Ph.D student Lucia Cabo supported by the Spanish Ministry of Education. Her work in the INPAC-Leuven will be oriented to the experimental verification of the theoretical predictions made in the framework of this Exchange Visit supported by the ESF. 
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