DEPARTMENT OF SOLID STATE PHYSICS (F-5)

Our research program is focused on the study of the structure and dynamics of  “disordered” condensed matter at the atomic and molecular level with special emphasis on phase transitions. The purpose of these investigations is to discover the basic physical laws governing the behaviour of these systems which represent the link between perfectly ordered crystals on one side and amorphous matter, “soft” matter and living systems on the other. Such knowledge provides the key to the understanding of the macroscopic properties of these systems and is basic for the discovery and preparation of new materials for new applications. An important part of research program is devoted to the development of new experimental methods and techniques in the field of magnetic resonance, magnetic resonance imaging, scanning tunnelling and atomic force microscopy as well as dielectric relaxation spectroscopy and dynamic specific heat measurements. 
The experimental techniques used are: 

- one (1D)  and two (2D) dimensional nuclear magnetic resonance (NMR) and relaxation, as well as quadrupole (NQR) resonance and relaxation,

- multi - frequency NMR in superconducting magnets of 2T, 6T and 9T, as well as the dispersion of  the spin–lattice relaxation time T1 via field cycling,

- nuclear double resonance and quadrupole double resonance such as 17O–H and 
14N-H,

- frequency dependent electron paramagnetic resonance (EPR) and 1D and 2D pulsed EPR and relaxation 

- MR imaging and micro-imaging,

- linear and non-linear dielectric spectroscopy in the range 10-2 Hz to 109 Hz,

- electron microscopy and scanning tunnelling microscopy,

- atomic force microscopy and force spectroscopy,

- dynamic specific heat measurements.

The investigations were performed in three research groups:

· NMR AND DIELECTRIC SPECTROSCOPY OF CONDENSED MATTER: SMART NEW MATERIALS AND TRANSLATIONAL SYMMETRY BREAKING 

· PHYSICS OF SOFT MATTER, SURFACES AND NANOSTRUCTURES

· EXPERIMENTAL BIOPHYSICS OF COMPLEX SYSTEMS.

The program of the research group »NMR AND DIELECTRIC SPECTROSCOPY OF CONDENSED MATTER: SMART NEW MATERIALS AND TRANSLATIONAL SYMMETRY BREAKING« was focused on the investigations of systems with broken translational symmetry such as (a) quasicrystals, (b) organic and inorganic relaxors, (c) disordered perovskite ferroelectrics and (d) systems in confined  geometry.

(a) Quasicrystals.

Whereas in periodic crystals the structure can be determined by X-ray scattering, this is not possible in quasicrystals. They do not have a unit cell and the problem of determining their exact structure is not solved yet. One of the important open questions is the distribution of nonequivalent lattice sites in the quasiperiodic structure. We have reported the first observation of the anisotropy of the angular dependence of the quadrupole – perturbed NMR spectra of some nuclei (such as 27Al) of icosahedral quasicrystals in an external magnetic field. Based on the measured angular dependence, we have determined the distribution of the local lattice neighbourhood and local structure. We have also successfully modelled the spin-lattice relaxation in icosahedral quasicrystals. We have used a model which considereds hopping of the conduction electrons across the hierarchialy distributed icosahedrical clusters and we have succeeded in determining the density of state of conductive electrons close to the Fermi energy level in quasicrystals. On the basis of these investigations we have developed, in cooperation with Thin Film and Surfaces Department, thin layers of the icosahedrical alloy Al-Cu-Fe. The surfaces of these films show extremely small friction coefficients, large hardness, increased wear resistance and absence of cold junctions in UHV. Due to their extremely small thermal conductivity, these films  are interesting for space applications and as well as domestic industry. In our investigations of metallic quasicrystalline glasses of the type Zr-Cu-Ni-Al we have observed that these systems could be used for efficient hydrogen storage as two hydrogen atoms could be stored per single metal atom. It is important that the hydrogen mobility in these systems remains large also at low temperatures. The results have been published in more than ten publications in international journals of physics. These investigations were also part of the Fifth EU Framework project “Smart Quasicrystals” and will be continued in the Sixth EUFP under the project “Complex Metallic Alloys”. 

(b) Organic and inorganic relaxors

Our investigations of the physical properties of polymer relaxors P(VDF-TrFE-CFE) and composites CuPc-P(VDF-TrFE-CFE) have shown that they are practically equivalent to anorganic relaxors of the PMN type. The results have been published in Physical Review Letters, 92 (2004), 047604-1-047604-4. This is interesting as inorganic relaxors are characterized by charge and substitutional disorder, whereas there is no charge disorder in polymer relaxors. Our discovery of similarities between polymer and anorganic relaxors proves that random fields in relaxors are not only electric in origin, but are to a major part  the result of elastic deformations, originating from polar nanoclusters. It is as well important that the EPR investigations of PMN ceramics doped with Mn++, as well as the 207Pb NMR of PMN monocrystals indicate a dynamic nature of polar clusters. These investigations have shown that only some clusters freeze at the relaxor transition and contribute to the onset of the ferroelectric phase in external electric field. The state below the relaxor transition is a two component one and the relaxor transition is of the percolation type. 

(c) Disordered perovskite ferroelectrics

Using 87Sr and 47,49Ti NMR we have shown that low temperature properties of strontium titanate (STO) and 18O enriched STO (STO-18) are determined by the appearance of nanoclusters with broken tetragonal symmetry. In STO-18 these nanoclusters triger the percolation transition into the ferroelectric phase at Tc = 24 K whereas the concentrations of nanoclusters in STO-16 is to low to induce the percolation transition. A corresponding communication has been accepted in Physical  Review Letters.

(d) Systems in confined geometry

Our studies of dynamic calorimetry, dielectric spectroscopy and 23Na NMR in ferroelectric NaNO2 have shown that the previously observed extremely large dielectric constant in this material is not an intrinsic property, but is rather  a consequence of sodium ions diffusion and polarization at the interface between the ferroelectric and glass.  

In 2004, the results of the investigations of the research group have been published in 31 scientific articles in international journals as well as two chapters in scientific monographies. According to the Web of Science basis the articles of the group members have been cited 770 times in 2004.  

The investigations of the research group “PHYSICS OF SOFT MATTER, SURFACES AND NANOSTRUCTURES” were focused on: (1) 2D and 3D periodic structures (photonic crystals), (2) self-organisation of colloids on nanostructured surfaces, (3) structural and fluctuation forces, (4) liquid crystal elastomers, (5) defect structures, glasses and new lyotropic phases, (6) high-contrast wide-angle light modulators (liquid crystal application), (7) molecular motors, (8) synthesis of inorganic nanotubes, (9) synthesis of surface ordered nanostructures.  

(1) 2D and 3D periodic structures (photonic crystals)

Theoretical investigations of 2D and 3D periodic structures of colloidal systems have been focused on the phase diagram of dimers and trimes. 

(2) Self-organisation of colloids on nanostructured surfaces

We have used high resolution optical ellipsometry on free-standing films of the antiferroelectric liquid crystal MHPOBC to determine and explain phase  sequences and phase transitions in 2, 3 and 4 – layer films. The measured temperature dependences of the ellipsometric parameters have been compared to the simulations within the phenomenological model of Čepič and Žekš. A good agreement was found and the mean field free energy expansion coefficients have been determined for the first time. The results were published in Physical Review Letters, 93 (2004), 878001.

(3) Structural and fluctuation forces

We have investigated the structural force between a colloidal particle and the focus of the laser tweezers, which is mediated by the nematic director field. An unusuall attractive force was observed, although the refractive index of the colloid was smaller than both refractive indices of the nematic. This phenomenom was successfully explained considering the optical anisotropy of the liquid crystal as well as the deformation of the director field, which is induced either by another colloid or a strong laser light. The results led to a new concept in the self-organisation mechanism in nematic colloids, where the interaction with external inhomogeneous fields is important. The results have been published in Physical Review Letters, 93 (2004), 878001. 

(4) Liquid crystal elastomers

A new lattice model of liquid crystal elastomer has been developed that describes qualitatively the orientational ordering of mesogenic units and elastic deformations of the sample. We have also developed a phenomenological model based on the Landau approach and random internal fields. The deuteron NMR and optical properties of the elastomers agree well with theory. 

(5) Defect structures, glasses and new lyotropic phases, 

Within our investigations of the dynamics of perturbed liquid crystalline systems we have analyzed the influence of an irregular matrix with mesoscopic pores on the dynamics of the liquid crystals in the isotropic and nematic phases. We have determined the order parameter profile and slowing-down of the molecular dynamics close to the wall. A qualitative explanation of the phase sequences of liquid crystals embeded in controlled porous glasses has been given. We as well explained the observed coexistence and dynamics of the structural interface between the Freedericksz domain wall and the disclination lines. 

(6) High-contrast wide-angle light modelators (liquid crystal application),

We have developed a new mode of operation of an automatic optically protecting filter based on liquid crystal light modulators. The development was based on computer modelling and laboratory evaluation of the prototypes. The new mode of operation provides for continuous light attenuation over an extremely large interval of optical transmission. It is as well important that the new mode of operation retains good angular dependence of the optical contrast in the closed state. It is at least three times better than the requirement of the international standard EN 379.   

(7) Molecular motors, 

The investigations of molecular motors have been focused on hydrodynamic interactions between two active objects on an eliptical trajectory. It has been shown that a new interaction emerges as a result of broken symmetry that is responsible for the sinhronization of the movements of both objects. The results are important for sinhronization phenomena observed in colloid systems in optical and magnetic tweezers, as well as the explanation of the wave-like motion, observed on the surfaces of respiratory organs. The investigations of the sinhronization has been focused on miosin V. 

(8) Synthesis of inorganic nanotubes, 

New types of inorganic nanotubes doped with iron, copper and C60 have been sinthesized. The nanotubes grow in the form of coaxial cylinders and are characterized by rather thick walls. They show extraordinary mechanic and electric properties and are important candidates for highly stable electron emitters and sensing probes for Scanning Tunneling Microscopes.  

(9) Synthesis of surface ordered nanostructures

An important part of our research work was devoted to the construction and testing of the new, low temperature ultra high vacuum scanning tunneling microscope (UHV STM), which will be used for the low temperature surface manipulation and chemistry of single atoms and molecules. Using a room temperature STM we have observed elastic surface oscillations and surface reconstruction in silver nanorods, epitaxially grown on MoTe2. 

Within the program EXPERIMENTAL BIOPHYSICS OF COMPLEX SYSTEMS we have to mention:

- EPR characterization of the domain structure of  biological membranes and the importance of the specific latteral domain structure in the process of membering fusion

- new developments of EPR spin labels for the characterization of the hydrofilic part of the membrane surface

- study of free radicals in human skin after IR radiation and the development of antioxidative antiprotection materials

- determination of latteral and longitudinal velocities of the dissolution of blood clots and their dependences on the velocity of flow of blood plasma through the blood clots via magnetic resonance imaging

- development of a new method for magnetic resonance imaging determination of the velocity autocorrelation function of fluids in porous systemy

The above research has been supported by a number of international projects financed by the European Union within the Fifth Framework as well as NATO. It was also supported within the bilateral Slovenian – USA, Slovenian – German and Slovenian – Greek scientific cooperation. International cooperation with  

· The high magnetic field centers in Grenoble, France, and Nijmegen, The Netherlands

· The high magnetic field center at the University Florida, Tallahassee, Florida, USA 

· The ETH, Zürich, Switzerland

· The Ioffe Institute in St. Petersburg, Russia

· The University of Duisburg, the University of Mainz and the University of Saarbrucken in Germany

· The University of California, the University of Utah and the Liquid Crystal Institute, Kent, Ohio, USA, 

· National Institute for Research in Inorganic Materials, Tsukuba, Japan

· NCSR Demokritos, Greece

· The Institute for Biophysics and X-Ray Structure Research of the Academy of Sciences, Graz, Austria

· The Max Delbruck Center for Molecular medicine in Berlin

· The Dartmouth Medical School, Hanover, NH, USA

· The Mayo Clinic, Rochester, USA

made the above studies possible.   

Izjava za stransko kolumno

An important achievement has been the discovery of new structural forces between a laser tweezer and colloodal particles mediated by the nematic director field. This result is particullary important for the understanding of the self organization of nematic colloids in external fields. Another important discovery is the result that the physical properties of polymer relaxors mimic those of anorganic relaxors nearly completely in spite of the fact that charge disorder which is dominant in anorganic relaxors is to a large extent absent in polymeric relaxors. We also discovered that non-tetragonal nanoclusters exist in 18O enriched strontium titanate and that the ferroelectric phase transition in this system is of precolative nature. 
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