Peter B. Mozhaev visited the Technical University of Denmark (DTU) from September 2, 2006 to November 29, 2006. The visit was supported by the ESF "Arrays of Quantum Dots and Josephson Junctions (AQDJJ)" program.

The main goal of the visit was fabrication of high-tilt-angle structures of HTSC thin films. The bridges formed in films with c-axis tilted from the substrate normal act as stacks of intrinsic Josephson junctions, as was shown, e.g., in T.Kawahara et al., IEEE Trans. Appl. Supercond., v. 9, No. 2, p. 4519 (1999). The disadvantage of standard epitaxial growth is low (<45º) inclination angles of the (ab) planes of the superconductor from the substrate plane, resulting in preferential flow of current along the (ab) planes. The high (~72º) tilt angle YBa2Cu3Ox thin film can be deposited on a miscut substrate with the miscut angle close to 18.4º as a result of graphoepitaxial seeding of the film (Divin Y.Y. et al., Proceedings of EUCAS 1999, v.2, p. 29, 2000). The bridges prepared in such film are similar to ordinary mesas used to study stacks of intrinsic Josephson junctions.
During the visit we continued the studies of thin high-temperature superconducting (HTSC) films on miscut substrates, which were initiated in 2002 under a collaboration agreement between DTU and the Institute of Physics and Technology of the Russian Academy of Sciences. 
Thin films of promising high-temperature superconductor NdBa2Cu3Ox (NBCO) were prepared and studied. NBCO has the same crystal structure as the most often used YBa2Cu3Ox (YBCO), but shows superior both electrical and structural properties. Unfortunately typical formation temperatures for NBCO are higher than that of YBCO, resulting in technical problems during deposition and in chemical interaction with substrates. We succeeded in preparation of high-quality NBCO thin films by application of a low deposition temperature, low oxygen pressure, and low deposition rate technique. The effects of deposition pressure, deposition rate, deposition temperature and oxygenation temperature were studied. The latter two technological parameters can be used as independent handles to obtain thin NBCO films with high structural and electrical properties.
The grapho-epitaxial modes of growth of HTSC YBCO thin films on NdGaO3 (NGO) miscut substrates were studied in detail. Main attention was focused on determination of the deposition parameter ranges resulting in certain grapho-epitaxial modes. The 90º flip of c axis of the YBCO film with formation of high-tilt-angle film was observed for different substrate miscut angles in vicinity of the (120)-oriented NGO substrate (18.4º miscut angle). The high-tilt-angle film was obtained for 16º and 20º miscut substrates by increasing the deposition rate. Our results showed predominant effect of substrate surface preparation on realization of the grapho-epitaxial growth: absence of regular steps on 17º miscut substrate surface completely suppressed formation of the high-tilt-angle film.
The high-tilt-angle thin films were patterned for studies of intrinsic Josephson effect and passed to other scientific teams for electrical characterization.


The pseudo-a oriented film was observed on the (120) NGO substrate even when an intermediate CeO2 layer was introduced between the YBCO thin film and the NGO substrate. This confirmation of the conservation of the grapho-epitaxial growth through an epitaxial interlayer is important for understanding another grapho-epitaxial growth mode, which gives rise to a small (2-6 degrees) inclination of the film axes on a fluorite interlayer on miscut NGO substrates. The surface of the interlayer is faceted in steps with average length and height corresponding to the miscut angle of the substrate. A small lattice mismatch between the interlayer and the growing film, and the essentially three-dimensional matching due to the “atom-on-atom” growth mechanism result in a small inclination, which may be calculated from the lattice constants with good agreement with the observed data. 
We continued studies of this grapho-epitaxial (3D-epitaxial) growth mode introducing two new seeding layers with big lattice mismatch with YBCO: Y-stabilized ZrO2 (Y:ZrO2, fluorite like CeO2) and BaZrO3 (perovskite like NGO). The first one showed excellent 3D-epitaxial growth, while the second mainly resulted in standard epitaxial growth without inclination of film crystallographic planes from the corresponding planes of the substrate and with only a minor part of 3D-epitaxial film. This result is in a good agreement with our previous observations of thin YBCO films growth on miscut perovskite substrates, resulting in standard epitaxial relations for all studied angles. The 3D-epitaxial growth on a perovskite seeding layer may result from both high lattice mismatch and disordered surface compared with highly ordered chemically-mechanically polished surface of the perovskite substrate.
By changing the deposition conditions the epitaxial growth of the YBCO film on the fluorite interlayer (CeO2, Y:ZrO2) can be suppressed, and the thin film starts growing in a textured structure with the texture axis in the substrate plane and the predominant orientation of the film with the c-axis perpendicular to the substrate plane. Such films are often called c-oriented, because the resulting film orientation and structure are similar to the c-oriented epitaxial films. The thin films deposited under such conditions on a partially removed interlayer consist of two parts: an epitaxial film with a tilt of the c axis corresponding to the tilt of the substrate axes, and a c-oriented textured film. Such films are often called "bi-epitaxial" films.

The bi-epitaxial films and heterostructures were fabricated and studied using X-ray diffraction techniques, AFM and non-contact electrical measurements. The formation of the c-oriented part on CeO2 proved to be irreproducible, while the application of an Y:ZrO2 interlayer resulted in improved films with relatively narrow “rocking” curves (1.5 degrees compared to 2.5 degrees for the best c-oriented films on CeO2) and good electrical properties (Tc up to 89 K). The mechanism of the c-oriented textured film formation remains unclear. We consider two possible effects: chemical interaction with formation of BaZrO3 (BaCeO3) interlayer, and strain-mediated growth due to lattice mismatch between YBCO and Y:ZrO2 (CeO2). 
We found strong increase of the chemical reactivity of the miscut surface compared with standard oriented surfaces of the materials we used for seeding layers. The temperature at which chemical reaction between CeO2 and deposited Ba starts decreased from 770 to 740 ºC at standard deposition conditions. The BaZrO3 is usually considered as a material non-reacting with YBCO; we observed an intense reaction with formation of Ba(Y, Zr)O3. These results are in good agreement with the well-known catalytic effect of the step edges on the surface.

The studies of the HTSC thin films and structures on tilted-axes substrates are to be continued in 2007 under the Interacademy Exchange program. The tilted YBCO films will be incorporated into the bi-epitaxial structures to improve electrical connections to the stacks of intrinsic Josephson junctions. Both high-tilt and low-tilt angle films will be used to compare the effect of the current flowing along the (ab) planes of HTSC on the intrinsic Josephson junctions stack. 
The obtained results will be published in scientific journals. Reports on the results of this visit were presented on "Quantum Information Processing and Quantum Computation" Symposium (October 23-24) and on "OXIDE Workshop 2006: Interfaces and Multiferroics" (November 23-24), Chalmers University of Technology, Gothenburg, Sweden.

