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1. Summary     


Most of the existing functional materials have been conceived with the assumption that a single crystal is precisely what its name implies: a periodic array of atoms, in which each unit cell is identical to any other. Among the most fascinating discoveries over the last few years is the identification of a number of materials, principally belonging to the family of manganites, in which a spectacularly diverse range of exotic magnetic, electronic and crystal structures can coexist at different locations in the same crystal. In chemically homogeneous manganites it turns out to be surprisingly easy to achieve phase coexistence using a wide range of parameters: tweak sample’s chemical composition or microstructure, apply an electric or magnetic field, strain the sample or illuminate it with electromagnetic radiation etc. The coexisting phases may form robust magnetic, electronic and crystallographic textures of “mesoscopic” length scales – that is, over tens or hundreds of nanometers.

      
By controlling an array of textured phases analogous to those in liquid crystals CoMePhS aimed to control locally the electronic structure and properties without atomic-scale fabrication. The long-term goal of the research was to provide basis for a new set of electronic technology based on the manipulation of soft electronic matter. The strategy adopted by CoMePhS was an iterative one with all workpackages active already in the first year. Knowledge and experience accumulated were constantly exploited and evaluated in order to identify optimal materials, nanostructures and texture manipulation techniques.

        
One effort was to identify and produce adequate materials.  In this respect, the field of the perovskite oxides has been exploited and especially the manganites on which there was clear evidence for stable textures electronic states. Besides manganites, CoMePhS investigated a series of related compounds for which there was strong evidence that exhibit electronic phase separation, such as the cuprates, vanadates, cobaltates, organic compounds, diborides or even the newly discovered pnictides, which show high transition temperature to superconductivity. These new compounds have been prepared in the form of high quality polycrystalline, single crystals or as thin layers and have been characterized by various techniques (diffraction, thermodynamic, optical, transport, magnetic measurements, etc) in order to identify regions of electronic phase separation and defect structures that can be exploitable.
       
The second step was the identification of the adequate nanostructures. In this respect a number of compounds and thin films have been produced and the effect of external perturbations (pressure, magnetic field, x-ray illumination, etc.) and the substrate (various combinations of films and substrates, orientation of the substrate, lattice mismatch, film thickness, film development conditions, etc.) on the physical behavior of the inhomogeneous electronic states was studied in detail. Our studies have shown possible ways for the manipulation of the textures.

It has been demonstrated the feasibility of using pressure, X-ray illumination, substrate tailoring or incisions by ion beam microscope on thin films, and finally magnetic fields. All these methods have been studied in detail. The final outcome was a series of examples where the manipulation of the texture was established as induced by various experimental techniques.
       
The textured states were visualized with the most advanced techniques today available. Spectacular images of inhomogeneous electronic states were constructed from several partners, which unambiguously map the static phase separation in the real space. Such space modulation in the physical properties provided clear evidence for the feasibility of controlling the phase separation for operational devices. Characteristic examples of one dimensional and checkerboard modulations of the carrier density were reported.
        
The textured states were fully characterized by almost all experimental groups using a complete set of experimental techniques including transport, Raman, infrared, NMR, photoemission, etc. The central objective was the understanding of the influence of external parameters such as pressure or magnetic fields on the physical behavior of the materials or nanostructures at hand. The partners for the first time had the opportunity to study by various techniques the same batch of samples and induce direct information about the underlying mechanisms without any uncertainties by the sample inhomogeneities that can be introduced during the preparation procedure. 

         
Among the scientific activities of CoMePhS was to generate the necessary knowledge of the inhomogeneous electronic states and their means of manipulation. Important new results that provide basis for a better focus of the whole activity in the project were generated.  Numerous problems were investigated that include the study of superstructures induced by orbital ordering in strongly correlated systems, the role of polaronic effects and Feshbach resonances in a two component situation etc.

Two workshops were organized in Greece (Crete 2006 and Nafplion 2008) that attracted leading scientists in the field from the entire world helping the dissemination of the acquired knowledge. 
2. Project Execution
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2.ii Project main objectives

The overall objective of CoMePhS was to understand, manipulate, and control the phase competition to a level that allows mastering of the resulting mesoscopic texture. To achieve this objective a strategy was defined in the proposal and a systematic planning for the starting period of the various activities was elaborated during the CoMePhS meetings that took place in various places Athens, Rome, Paris, Stuttgart, and Groningen. The strategy adopted in CoMePhS was iterative, that converged towards the optimal materials and nanostructures as well as texture control methods. The list of the main objectives is:
- Development of the parent materials 

- Definition of the optimal nanostructures for texture control
- Direct nanoscale imaging of textures
- Physical characterization of the textured states
- Manipulation of the texture 

- Theoretical understanding

2.iii Major achievements 

NTU-Ath-GR has shown on polycrystalline SmVO3 that there is a coexistence of the monoclinic and orthorhombic phases accompanied to the coexistence of the G and C-type OO phases for temperatures below 100K. When a pressure of 2.5GPa is applied, the coexistence of phases is observed only for temperatures below 60K. This implies that one can manipulate the phase diagram of this compound by an external pressure. 
NTU-Ath-GR has investigated polycrystalline Y1−xPrxBa2Cu3Oy (0≤x≤1) samples and shown that (a) there is a coexistence of locally different rare-earth nanoscopic environments (phases Y123, Pr123 and a mixed YPr123 phase), which influences the Tc dependence on the Pr concentration and (b) Pr substitution at the Ba site is a crucial parameter suppressing Tc.
NTUA-Ath-GR in collaboration with MPI-Stu-DE has studied the manipulation by epitaxial strains of the phase separation in the La1/2Ca1/2MnO3 thin films. The x=0.5 phase boundary seems to be identical to manipulate the texture with the appropriate selection of substrate. 
NTUA-Ath-GR in collaboration with CRISMAT-Caen-FR has studied in detail the manipulation of the phase separation in the charge ordered Pr1-xCaxMnO3 thin films by external (temperature, magnetic field and pressure) and internal (from the Ca doping or the substrate) strains. Based on the Raman data obtained from the side face of the film, the strain distribution across the film was extracted and it was evidenced that the titling mode can be used as a measure of strain. An experiment of resistivity under pressure at UPS-Ors-FR, clarified the results obtained with high pressure micro Raman spectroscopy in NTU-Ath-GR, which were attributed to a phase separation, suggesting that pressure locally suppresses the charge ordered state in these films, leading to a metal-to-insulator transition and macroscopically reducing the resistivity.
Uni-Rom-IT has found nanoscale phase separation in the ternary intermetallic compounds by tuning the chemical potential near two different electronic topological transitions (ETT), the first in the π band at x=0.16 and the second in the σ band at x=0.3. The width of the superconducting transition shows two maxima at the two ETT’s. NTU-Ath-GR performed Raman measurements on these compounds and detected two mode behavior for the E2g phonon mode between 6% and 28% Al concentration associated with the first ETT that is related with the splitting of the c-axis in the XRD data. At the second phase separation around 30% of Al content induces only an asymmetry of the Raman line. Uni-Rom-IT studied also the electronic structure of the Mg1-xAlxB2 system by means of photoemission experiments and the results found to be consistent with an electronic phase separation in this system near the ETT.
Uni-Rom-IT has grown doped diborides MgyAl1-yB2 (0.43≤y≤1) without macroscopic phase separation, solving a problem faced by previous works. Then, mesoscopic phase separation was identified by high resolution X-ray diffraction using synchrotron radiation. The mesoscopic phase separation is characterized by broad X-ray diffraction lines, which have been fitted with two competing phases. These results suggest a mesoscopic phase separation with different charge distributions in MgyAl1-yB2 that evolves gradually with the Mg concentration showing two different regions: y≤0.5 (region I) and 0.5<y<0.94 (region II).
Uni-Cam-UK achieved sharp low-field magnetoresistance by exploiting in La0.6Ca0.4MnO3 films a nanoscale phase separation that was observed using conducting-tip and magnetic force microscopy. The magnetic and electronic textures enable the creation of magnetic domain walls in percolating ferromagnetic metallic pathways. Device performance was reproducible because the phase separation is locked by local strain. This demonstrates a means by which to define active circuit elements without recourse to traditional top-down or bottom-up fabrication (a)        La1-xCaxMnO3 (LCMO) films on NdGaO3 (001) substrates around x=0.4, examined by (a) electron holography, (b) magnetic force microscopy, and (c) conducting atomic force microscopy, to get maps of the distribution of the FM and non-FM phases showed the following: By applying a saturating field along the easy axis, all the FM domains are aligned with the applied field. The results were interpreted as arising from the phase-separated state, that is, non-FM regions interspersed with FM regions on a small length scale. It appears that the FM regions preferentially form conducting pathways aligned with the easy axis of the film. This is intriguing, in that it seems that there are no topographical features linked with this conductance anisotropy.  The next step will be to make a sample out of this phase separated film for electron holography and verify the spatial anisotropy of the distribution of the FM and non-FM regions. Then, one can start thinking about ways to exploit this anisotropy for device fabrication.

A particularly spectacular library of images of inhomogeneous electronic states was constructed by UC-Lon-UK. Characteristic examples of one dimensional and checkerboard modulations of the carrier density were reported on the compounds Bi0.24Ca0.76MnO3 and La1.4Sr1.6Mn2O7.
MPI-Stut-DE examined the strain introduced by the epitaxial strain on relaxed La2/3Ca1/3MnO3 epitaxial films of thickness 200 nm. It was shown that the epitaxial strain could alter the interatomic distances and therefore the electronic properties of the strained film inducing modifications in the mesoscopic phase separation.
MPI-Stut-DE also investigated the strain effects in La1-xCaxMnO3 with x= 0.1 and x= 0.5. In both cases thin films with various thicknesses in the range of 40 to 200 nm were deposited by PLD on to SrTiO3 substrates and their structure as well as magnetic and transport properties have been studied and related to strain and strain relaxation effects. Magnetization measurements revealed a paramagnetic to ferromagnetic transition with decreasing temperature. The expected low temperature ground state consisting of the ferromagnetic-insulating and the charge-ordered phase was observed for the thicker films for which epitaxial strain is relaxed and structure resembles to the bulk. When thickness is decreased influence of strain imposed by the substrate becomes more severe, which thereby hinder the formation of the charge-ordered phase. The above results emphasize the possible modification of the phase separation phenomena by epitaxial strain. Concerning the La0.5Ca0.5MnO3 films on (111) STO it is found that they have large Ms values; an insulator to metal transition is observed for films thicker than 145 nm when temperature is decreased from room temperature to 5 K. For the films on (100) STO, a clear ferromagnetic transition and an insulator to metal transition is absent. Moreover, thermo-magnetic irreversibility decreases with increasing magnetic field. Finally, VRH model well describes the variation of resistivity with temperature above Tc. The trends of the obtained To values are consistent with the magnetizations and Jahn-Teller strain values of the films.

MPI-Dre-DE conducted simultaneous measure​ments of the Hall and magnetoresistance effects on heavy-fermion metals, specifically the CeMIn5 (M = Co, Ir) superconductors. For these materials an electronic phase separation into a Kondo liquid, i.e. interacting magnetic Kondo “impurities”, and a Kondo gas – non-interacting Kondo centers – was speculated and they were able to resolve a number of phase transitions leading to a complex phase diagram. MPI-Dre-DE demonstrated also phase separation in single crystals of Pr1-xPbxMnO3 by establishing a new procedure to investigate the zero-bias conductance histogram and its development with temperature.

Uni-Lei-DE studied by means of NMR the phase separation in superconducting oxides and find that a single-component description of these materials is inappropriate and a two-component description is sufficient to explain the properties of the cuprates. Uni-Lei-DE produced also suitable probes for thin films and finished the first NMR resonator designs. 
Uni-Lei-DE investigated the phase separated La2-2xSr1+2xMn2O7 family of manganese perovkites. The study explored the role of Sr doping and the influence of magnetic order type on the phase separation. The study has shown unambiguously that the compounds with x=0.5 and 0.62, both of the A-type AFI order (TN~200K) according to previous neutron diffraction work, are in fact phase separated. This is manifested by observation of NMR signals from Mn4+ and Mn3+ ions in the short-range ordered ferromagnetic insulating (FMI) as well as ferromagnetic metallic (FMM) regions in addition to the signal from Mn4+ ions in the long-range ordered antiferromagnetic insulating (AFI) phase. The coexistence of these three phases has been also detected for the x=0.68 compound with no long-range magnetic order. The amount of the FMI and FMM phases relative to the AFI phase has been found to decrease with Sr doping and no ferromagnetic signals have been detected for higher Sr doped compounds (x=0.75, x=0.8 and x=1).
Uni-Gro-NL has studied the crystal structure of SmVO3 using high resolution X-ray powder diffraction, which revealed that classifying the RVO3 compounds in two categories is not sufficient. Although the onset of G-type OO was detected at 200K, an unexpected feature appeared below the antiferromagnetic ordering temperature. At 115K it was found that 15% of the sample was transformed into the C-type structure. The fraction of this second phase increased to 25% as the temperature was lowered to 5K. This observation implies that the border between C-and G-type phases as a function of ionic radius is not a sharply-defined line as previously reported, but rather occurs via a broad phase-separated region.

The orthovanadates e.g. single crystal HoVO3, polycrystalline orthovanadate SmVO3 (Uni-Gro-NL) were studied by changing the rare earth ion from La through Lu in RVO3. Accurate studies by high-resolution X-ray diffraction at ID31 at ESRF, Grenoble, showed electronic phase separation between different orbitally ordered states. This phase separation was shown to result from a competition between magnetostrictive and GdFeO3-type distortion of the lattice. It was also shown that upon doping with divalent Ca the orbitally ordered state exhibits a transition from first to second order already for low doping. This precludes static electronic phase separation in this system.
Uni-Gro-NL mapped the phase transitions related to the spin and orbital degree of freedom in a phase diagram for Ga doped NdMn1-xGaxO3 (0<x<0.5) and characterised the exact nature of the Jahn-Teller orbital order-disorder phase transitions. In addition, they observed a ferromagnetic insulating state in the absence of a significant amount of double exchange.
A very spectacular result that was found at the beginning of the project was the identification by oriented transport measurements under pressure of a soft electronic matter behavior in organic compounds (UPS-Ors-FR). It was observed an array of transitions of conducting textures in (TMTSF)2ReO4 controlled by pressure that exhibits similarities with transitions seen in surfactants.
A series of manganite-ruthenate superlattices were grown (CRISMAT-Caen-FR) by repeating the bilayer comprising of 20 unit cells of La0.7Sr0.3MnO3 (LSMO) and n unit cell of SrRuO3 (SRO), 15 times, with n taking integer values from 1 to 12 and characterized by x-ray diffraction. It appears that the interface and the surface quality are crucial for the overall properties of the films and the measurements suggest the presence of an antiferromagnetic coupling between the layers. Also, double-perovskite epitaxial La2NiMnO6 thin films grown on (001)-oriented SrTiO3 using the pulsed laser deposition technique. This material is ferromagnetic insulating with a hysteresis in the temperature-dependence of the dielectric constant under applied magnetic field. Transmission electron microscopy at RT reveals a phase coexistence of a majority phase having "I-centered" structure along with a minority phase-domains having "P-type" structure. 

CRISMAT-Caen-FR investigated thin films of Pr0.6Ca0.4MnO3 and Pr0.5Ca0.5MnO3 grown both on LaAlO3 and SrTiO3 substrates, by means of ultrafast time-resolved magnetooptics in a magnetic field up to 1.1T. The results gave evidence that two different magnetic phases are present at low temperatures in the films.
CRISMAT-Caen-FR in collaboration in NTU-Ath-Gr demonstrated that the phase separation can be successfully studied and manipulated in the Pr1-xCaxMnO3 thin films by independent application of magnetic field, hydrostatic pressure and light. Actually they have demonstrated that by carefully choosing the substrate, one can tune the phase diagram using an external magnetic field, hydrostatic pressure or epitaxial strain.
CRISMAT-Caen-FR has prepared several compositions of the Pr1-xCaxMnO3 system (0.4<x<0.6) in the form of thin films made by pulsed laser deposition and explored with UPS-Ors-FR the combined effect of magnetic field and pressure on Pr0.5Ca0.5MnO3 and Pr0.4Ca0.6MnO3 thin films grown on LaAlO3 (LAO). The results were interpreted considering a phase separation scenario a CO-antiferromagnetic (AF) (that can be converted into metallic by pressure and field) and an Insulating-FM one (which is sensitive to field) coexisting phases. So, even if the charge ordered state is suppressed by pressure, as revealed by Raman spectroscopy, the macroscopic state remains insulator. This picture of a complex phase separation with two different insulating states with magnetic order in thin films of Pr1-xCaxMnO3 was confirmed directly by magnetic measurements by mean of both magneto-optical Kerr effect (MOKE) and SQUID in IJS-Lju-SLO, which are sensitive to surface and bulk magnetization respectively. The combined studies by various techniques in CMR manganite thin films demonstrated that the phase separation can be successfully studied and manipulated and an appropriate combination of substrate, external (magnetic field and pressures) and doping level at the phase boundary that can be used as a metastable compound to create nanophases for technological applications.
Uni-Zur-CH carried out a systematic study of the in-plane magnetic penetration depth (λab) in slightly overdoped single-crystal La1.83Sr0.17CuO4 by means of the muon-spin rotation (μSR) technique, to obtain information on the symmetry of the order parameter. It was found that while the dominant order parameter has d-wave symmetry, there is a smaller one of s-wave symmetry. The results were in agreement with calculations performed by the theoretical group of MPI-Stut-DE in the framework of a two-band model with coupled order parameters of different symmetries. Superconductivity seems to be robust in the d-wave channel and induced via interband interactions in the s-wave subsystem.

Uni-Zur-CH studied the magnetic penetration depth (, by means of bulk muon-spin rotation ((SR), in the vortex state of other cuprate families (YBa2Cu4O8 and YBa2Cu3O7) providing evidence that s+d wave superconductivity is inherent to all of these compounds. Most importantly, this finding is not a consequence of orthorhombicity – as suggested by other groups – but an intrinsic property driven by interband interactions. The important impact from this work is that the CuO2 planes are not the only relevant unit to be considered theoretically but that the third dimension plays an important role as well. The theoretical analysis of the data performed by MPI-Stut-DE in terms of a multiband model with interband interactions and polaronic coupling produced results in agreement with the experiments. The above mentioned model and muon spin rotation experiments, also, confirmed a correlation between the isotope effect on the transition temperature and the one on the energy gap. 

Uni-Zur-CH performed also a muon spin rotation study on BCS superconductors NbB2+x with x = 0.2 and 0.34 showed that the dependence of the zero-temperature superfluid density ρs(λ-2 on the transition temperature Tc was determined in a broad range of temperatures revealing ρs (λ-2(Tcα, with α = 3.1. This dependence appears to be common at least for some families of BCS superconductors as, e.g., Al doped MgB2 and high-temperature cuprate superconductors as, e.g., YBa2Cu3O7-δ.
Uni-Zur-CH and the MPI-Stut-DE theoretical group have shown that the isotope effects on the superconducting transition temperature Tc and the penetration depth are a consequence of polaron formation in high temperature superconducting copper oxides. These studies have confirmed these interpretations since the theoretical predictions of a linear correlation between the isotope effects on Tc and the superconducting energy gap have been verified experimentally by muon spin rotation. A further achievement regarding the microscopic pairing mechanism in cuprates is based on the fact that an inflection point in the temperature dependence of the magnetic penetration depth λ has been discovered at low temperatures. Such an inflection point is a clear signature of the coexistence of a small energy gap with a large one.
The group of J. Karpinski collaborating with Uni-Zur-CH has grown high quality single crystals of chemical substitutions (C for B, Al for Mg, or by hole doping of Li for Mg) in MgB2 of a size up to 1.5x1mm2. Magnetic ions Mn and Fe were also substituted for the investigation of the magnetic pair breaking. Furthermore, co-doping of C-Li or Al-Li has been investigated for phase separation as in the case of Al substitution for Mg. The variations of Tc and Hc2 have been explained as a result of changes in the carrier concentration accompanied by the introduction of new scattering centres.
The group of J. Karpinski collaborating with Uni-Zur-CH and NTU-Ath-GR has shown that the superconductivity property and the Tc in diborides are not connected with modifications in the Eg-symmetry phonon spectra, introducing doubts about of a pure phonon assisted effect in the superconductivity of these compounds. 
A careful comparative study revealed that the mid-infrared photo-induced absorption spectra of the stoichiometric polycrystalline cuprate perovskites La2Cu16O4 and La2Cu18O4 do not show any isotope shift in full agreement with the predictions of small-polaron hopping theory (IJS-Lju-SL and Uni-Zur-CH). 

IJS-Lju-SL studied Pr1-xCaxMnO3 (x=0.4,0.5) thin films on LaAlO3 and SrTiO3 substrates by means of  the time-resolved optical and magneto-optical spectroscopy. It was found that for all the samples and at any temperature the observed dynamics reflects rather the phase switching due to photoexcitation than the magnetic field impact. Also, for the x=0.4 sample, the results indicate the presence of ferromagnetic droplets in the canted antiferromagnetic insulating (CAFI) phase of the films, meaning this state is of phase-separated origin. They investigated also the possibility of manipulating the phase separation in GdVO3 crystal with intense laser light as well as the formation of the nanometer-size charged structures on the surface of La1-xSrxMnO3 single crystals that are metastable on the time scale of hours and their relation to phase separation.
Modified three-pulse sequences "destruction - pump - probe" allowed ISJ-Lju-SLO to track in the real time the recovery of the signatures of the Charge Density Wave (CDW) state, namely the Quasi-Particle (QP) relaxation across the CDW-gap and the Amplitude Mode (AM). These two are found to recover on quite different time scales: the respective time constants are 810 +/- 60 fs for QP and 15 +/- 2 ps for the AM. This is the first direct observation of such a phenomenon. The developed experimental approach opens wide field for various collective state investigations including CDW, superconductivity, etc.
IF-Bgd-SER studied three types of materials: (A) vanadates (in collaboration with NTU-Ath-GR), where the appearance of new phonon oscillators, phonon mode splitting and drastic phonon frequency variation, below 110 K, is interpreted as a consequence of the change of crystal and magnetic structure at the phase transition due to the charge ordering, (B) MoxS9-xIx nanowires (in collaboration with IJS-Lju-SLO), where it is concluded that the thermostability of single crystal sample is higher in comparison to the nanorods, and (C) B-site doped manganites, where several phase transitions are observed, the most obvious being the transition from a ferromagnetic metallic to a ferromagnetic insulator phase that is related to the formation of short range orbitally ordered domains. These classes of compounds showed a large variety of physical phenomena for potential application in electronic devices.
CAS-Bei-CN has prepared the newly discovered LaO1-xFxFeAs superconductors. By synthesizing samples under high hydrostatic pressure and substitution of lanthanum with other rare-earth elements, they managed to increase TC to more than 50K. 

CAS-Bei-CN working on the “classical” high Tc compounds has prepared La2-xSrxCuO4 single crystals and found that there exist only two distinct intrinsic superconducting states with TC’s of 15 K and 30 K at the magic doping levels of x = 1/16 (0.0625) and 1/9 (~0.11).
Additionally some La2-xSrxCuO4 (x=0.0625, 0.10, 0.11) single crystals were newly grown by the traveling-solvent floating-zone technique (CAS-Bei-CN).
3. Dissemination and use

CoMePhS was mostly a basic research oriented project, aiming to lay down the main ideas how to employ the intrinsic tendency for phase separation in certain compounds in order to tailor their properties on a nanoscale level. The results of the project were published in over 400 publications and communicated by all partners in many International Conferences or Workshops around the world. In addition, two specialized Workshops were organized attracting key researchers from the entire world. The 1st Workshop named “Phase Separation in Electronic Systems” took place in Irakleion, Crete during the period Oct. 29 to November 4, 2006 with 70 attendants and the proceedings were published in the J. of Physics Condensed Matter. The first Workshop was devoted mostly to the underlying Physics of the phase separation phenomena. The second workshop took place in Nafplion, Greece, and had the title Controlling Phase Separation in Electronic Systems “COPSES 2008”. The emphasis of this 2nd Workshop was given to the control of the phase separation. 70 distinct scientists attended the workshop and participated in the special session that was dedicated to the exhibition of CoMePhS results. The proceedings of the Workshop were published in the J. of Superconductivity.
For using the results of the project, smaller groups were formed from the partners that communicated with interested industries in order to prepare new proposals, based on the findings of CoMePhS.
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