1. Work Plan

The following tables show how the objectives are broken into tasks and which teams will contribute to each task. We understand that the main assessment criteria to be used in the mid-term review are positive responses to one or more of the following questions:

1. Has the work led to major new theoretical breakthroughs and/or experiments?

2. Has the work led to published results in journals?

3. Has the work led to results reported at outside meetings?

4. Has the work led to results reported at network meetings?

3a. Breakdown of objectives into tasks

Objective 1: Spin Injection into Semiconductors:
Task 1a. Spin injection using diluted magnetic semiconductors.

Task 1b. Spin injection using high-impedance ferromagnet/semiconductor junction.

Task 1c. Detection of injected spin currents.

Task 1d. Development of appropriate theoretical models. 

Objective 2: Spin-Dependent Transport through Hybrid (F,N,S) Structures:

Task 2a. Quasi-classical theory of spin-dependent transport.

Task 2b. FN structures.

Task 2c. FS structures. 

Objective 3: Spin-Dependent Transport in Confined Geometries

Task 3a. Quantum dots (Kondo effect, spin coherence times, double dots, spins in dots as qubits).

Task 3b. Quantum wires (ballistic, diffusive transport, spin coherence times, spin-charge separation). 

Task 3c. Quantum point contacts (conductance quantization, spin-valve magnetoresistance).

Task 3d. Magnetic single-electron transistors (tunneling magnetoresistance, spin accumulation). 

Task 3e. Hybrid multilayers (spin-valve effect).

Task 3f. Spin supercurrents in thin ferromagnetic films.

Objective 4: Nanoscopic Magnetism:

Task 4a. Microscopic models for small magnets. 

Task 4b. Magnetic nanograins (discrete states).

3b. Summary of contributions to tasks from individual teams

(In the table below, a * indicates that a team will contribute to a given task.)

	
	                      Task

Team
	1a
	1b
	1c
	1d
	2a
	2b
	2c
	3a
	3b
	3c
	3d
	3e
	3f
	4a
	4b

	1
	München
	
	
	
	
	
	
	
	*
	*
	*
	*
	
	
	*
	*

	2
	Aachen
	
	
	
	*
	
	
	
	*
	
	
	*
	
	*
	
	*

	3
	Basel
	
	
	
	*
	*
	*
	*
	*
	*
	*
	
	
	
	*
	

	4
	Budapest
	
	
	
	
	
	
	
	*
	
	*
	
	
	
	*
	*

	5
	Pisa
	
	
	
	
	
	*
	*
	*
	*
	
	
	
	
	*
	*

	6
	Delft-th
	
	
	
	
	*
	*
	*
	*
	*
	*
	*
	*
	
	
	

	7
	Groningen
	
	*
	*
	*
	*
	*
	*
	*
	
	
	*
	*
	
	
	

	8
	Orsay
	
	
	
	
	
	*
	
	
	*
	
	*
	
	
	
	

	9
	Poznan
	
	
	
	*
	
	*
	*
	*
	*
	*
	*
	*
	
	
	

	10
	Weizmann
	
	
	
	
	
	
	
	*
	*
	
	*
	
	
	
	

	11
	Würzburg
	*
	*
	*
	*
	
	
	
	
	
	
	
	
	
	
	

	12
	Zürich
	
	
	
	
	
	
	
	*
	*
	*
	*
	
	
	
	

	13
	Delft-exp
	
	
	
	
	
	
	
	*
	*
	*
	
	
	
	
	

	14
	Karlsruhe
	
	
	
	*
	
	
	
	
	
	
	
	
	*
	
	


Schedule and Milestones

	Team
	Months since start
	Milestones
	Objec-

tive

	1. München
	12

24

36

48


	1. Complete analysis of spin-accumulation in ferromagnetic nanograins with discrete energy levels, based on simple phenomenological model.

2. Analyse new experiments with gated grains, compare theory to experiment.

3. Develop more microscopic models for ferromagnetic nanograins.

1. Develop density matrix renormalization group (DMRG) for quantum dot described by Anderson model

2. Develop theory for quantum tunnelling of magnetization in ferromagnetic nanograin.

3. Compare theory with experiments on grains in 3D magnets.

1. Investigate role of nonequilibrium excitations on quantum tunneling of magnetization

2. Develop nonequilibrium version of DMRG for quantum dot described by Anderson model

1. Extend DMRG for quantum dot described by Anderson model to finite magnetic fields.

2. Compare results to Bethe Ansatz results.
	4b

4b

4a

3a

4b

4b

4b

3a

3a

3a

	2. Aachen
	12

24

36

48


	1. Development of renormalization group techniques for quantum-dot models. 

2. Development of DMRG and DMFT for 2-band Hubbard models.

1. Study of quantum dots in Aharonov-Bohm geometries and the interplay between RKKY and Kondo physics. 

2. Calculation of the order parameter and ground state energy of a magnetic nanograin. 

1. Investigation of the Kondo effect in the presence of a large bias voltage.

2. Analysis of tunnelling spectra of magnetic nanograins and comparison to experiment.

1. Investigation of the Kondo effect in a quantum dot in a strong magnetic field 

2. Investigation of nonequilibrium effects and cotunnelling processes for transport through nanograins described by a 2-band Hubbard model.
	3a,3d

3d,4

3a

3f

3d,4

3a

4

3a

3d,4



	3. Basel
	12

24

36

48
	1. Study spin-based quantum computing and its physical implementations in quantum confined nanostructures.

2. Transport and noise in multiterminal magnetic structures.

3. Work out a theory for coherent spin dynamics and electron spin resonance in quantum dots, particularly for transport and noise properties.

1. Spin decoherence of a single spin in a quantum dot measured via transport. 

2. Spin filter effect in quantum dots. 

3. Quantum dots as spin memory devices in the sequential and cotunnelling regime, and beyond.

1. Injection of spin-entangled electrons from superconductors into semiconductors, Andreev scattering and Coulomb blockade 

2. Phase coherent transport through double dots and spin entanglement for quantum communication 

1. Current-induced switching in non-collinear FN structures.
	3a

2a,2b,2c

3b

3b

3a

3a

3a

3a

3c

	4. Budapest
	12

24

48
	1. Develop a numerical renormalization group description of two coupled quantum dots with Kondo correlations.

2. Work out the effects of microwave irradiation on non-equilibrium transport through diffusive point contacts with magnetic impurities.  

1. Develop a numerical renormalization group description of two coupled quantum dots with Kondo correlations, embedded in an Aharonov-Bohm ring.

1. Study hysteretic properties of mesoscopic itinerant magnets.

2. Investigate the physical properties of coupled itinerant ferromagnetic grains and the role of dissipation in the dynamical properties.

3. Study statistical properties of spin-wave excitations in small magnetic grains.
	3a

3c

3a

4a

4a

4a,4b

	5. Pisa
	12

24

36

48
	1. Numerical analysis of the energy spectrum in a grain with exchange and pairing. Construction of exactly solvable models for the study of this interplay.

2. Counting statistics in the presence of entanglement.

3. Study of the current-voltage characteristics through a quantum dot with spin-flip tunnelling in the barriers.  

1. Study of thermodynamics of nanoparticles in the presence of exchange and pairing (spin susceptibility and specific heat)

2. Study of thermoelectric effects in ferromagnetic – superconductor structures using Landauer Büttiker approach

3. Study of transport in a Luttinger liquid connected to ferromagnetic electrodes or ferro/super electrodes.

1. Inclusion of impurities in the study of spin transport in a Luttinger liquid connected to ferromagnetic reservoirs.

2. Numerical studies of mesoscopic fluctuation of the matrix elements of electron-electron interaction in the transport through ferromagnetic nano-grains

1. Extension of the study of thermopower to diffusive systems by means of quasiclassical approach

2. Study of electrical transport through ferromagnetic superconductors containing domain walls
	4a

3a

3a

4a

2c

3b

3b

4b

2a

2a

	6. Delft-th
	12

24

36

48
	1. Generalized boundary conditions for superconductor-ferromagnet hybrid systems

1. Exotic Kondo and strong Kondo states: experiments and complete theory.

2. Proposals of spin-accumulation devices in normal and superconducting nanostructures

1. Noise of spin-entangled states in mesoscopic structures

2. Characterization of spin coherence in quantum dots

1. Full statistics of spin transport.
	2a,2c

3a

2b,2c,3e

3b,3c

3a

2a,3c

	7. Groningen
	12

24 
	1. Optimize spin injection from a ferromagnet into a metal, using tunnel barriers. These will prepared in situ by shadow evaporation techniques, to have a good control over the quality of the junctions. 

1. Optimize spin injection from a ferromagnet into a semiconductor 2DEG, using tunnel barriers. Here we shall select the proper material for the interface, and optimize the junction resistance Study spin injection into a superconductor, using multiterminal spin valve geometries.

2. Determination of the spin-flip lengths in mesoscopic metals, and understanding of the relevant mechnisms which determine the spin flip lengths.
	2b

1b,1c,1d

2b

	8. Orsay
	12

36


	1. Fabricate nanotubes suspended between ferromagnetic contacts: single walled, ropes and multiwalled nanotubes. 

2. Measure magnetoresistance and IV curves, which should exhibit singularities due to spin-charge separation.  

1. Search for spin-charge separation effects revealed through anomalous Josephson effects in nanotubes connected to superconducting electrodes. 

2. Modify contacts (via electronic irradiation) in order to obtain tunnel junction between tubes and contacts, in both types of systems (ferromagnetic and superconducting electrodes.
	3b

3b

3b

3b

	9. Poznan
	12

24

36

48


	1. Analysis of the spin-accumulation and spin fluctuations  in ferromagnetic single electron transistors.

2. Development of the theory of spin-dependent electronic transport in single electron transitors with superconducting islands. 

3. Analysis of the conductivity quantization in ferromagnetic quantum wires.

1. Development of the theory of cotunnelling processes in ferromagnetic single electron transistors and their influence on the spin accumulation, spin fluctuations and tunnel magnetoresistance.

2. Development of the theory of spin fluctuations in semiconducting mesoscopic systems with Coulomb blockade.

1. Development of a microscopic model of spin injection from ferromagnetic to paramagnetic systems. 

2. Analysis of tunnel magnetoresistance in ferromagnetic junctions with quantum dot as a spacer: sequential and coherent tunnelling regimes.

3. Development of the theory of spin currents and spin conductivity in hybrid multilayers.

1. Determination of the influence of interfacial defects on transport characteristics of quantum wires and point contacts.

2. Development of the theory of coherent electronic transport through quantum dots.
	3d

2c,3c

3b

3d

1d,3b

2b

3a

3e

3b,3c

3a

	10.Weizmann
	12

24

36

48
	1. Complete analysis of coherence and partial coherence through QD interferometers vis-a-vis spin-flip channels.

2. Initial analysis of transport and fluctuations in quasi 1D wires near the spin-instability points.

1. Complete analysis of transport and fluctuations in 1D wires near the Stoner instability point.

2. Calculate spin shot-noise through diffusive wires.

3. Growth and characterization of double wire system for the tunnelling experiments.

1. Calculate charge- and spin-current and fluctuations through structures containing quantum dots.

2. Obtain criteria for scrambling in interacting quantum dots including spin.

1. Calculate spin-flip rates due to QD-lead tunnelling.

2. Analyse the effect of such spin-flip processes on spin-blockade phenomena.

3. Measurement of the excitation spectrum in 1D.

4. Comparison of the above to Luttinger liquid theory.
	3a

3b

3b

3b

3b

3a

3a

3a

3a

3b

3b

	11. Würzburg
	6

12

3-24

6-18

18-30

30-36

18-36

24-42

30-48

36-48
	1. Growth of highly doped dilute magnetic CdMnSe on InAs by molecular beam epitaxy and development of ohmic contacts. 

2. Establish the optimum growth parameters to obtain highly n-doped diluted magnetic semiconductor layers with low contact resistance to the InAs.

3. Explore whether vertical confinement of InAs layer is best achieved by using GaSb substrates, or by resorting to InAS/(Ga,Al)Sb heterostructures.

1. Produce first working CdMnSe/InAs transport structures.  

1. Develop the lithography and etching techniques needed to fabricate submicron transport structures, and to characterize them (at temperatures of 4K and below).  

1. Establish a passivation technology based on SiO and SiO2 in order to avoid leakage currents between contacts. 

2. Develop suitable deposition parameters and a patterning technology.

3. Produce first structures with well-isolated contacts.

1. Fabricate small ferromagnetic bias magnets using electron beam lithography and lift off.

1. Use the dipole field of the magnets to obtain antiparallel and non collinear magnetization states for different DMS contacts. 

1. Produce first dilute magnetic impurity contacts with bias magnets. 

1. Develop appropriate theoretical models for dilute magnetic semiconductors.

2. Noise measurements on magnet-biased mesa-structures.

1. Fabrication of gated structures on mesas with dilute magnetic semiconductor contacts.

1. Transport measurements on gated nanostructures.
	1a

1a

1a

1a

1a,1c

1a

1a

1a

1a

1a

1a

1d

1a,1c

1a

1c


	12. Zürich
	12

24

36

48
	1. Fabricate quantum dot with electronic size below 100 nm and less than 20 electrons.

2. Study spin states/ spin pairs of few electron quantum dots with weak interactions

1. Position two quantum dots in series within a distance of about 1 micrometer, study spin filtering and spin detection.

1. Position two coupled quantum dots in the arms of an Aharonov-Bohm interferometer, fine tuning of coupling. 

2. Investigate phase signal of Aharonov-Bohm oscillations in view of singlet/triplet state in the coupled dots

1. Study phase coherent transport through AB-interferometer, investigate charge and spin coherence times. 
	3a

3a

3a

3a

3a

3a

	13. Delft-exp
	12

24

36

48
	1. Fabrication of quantum dots for spin filtering

1. Aharonov-Bohm experiments with spin filters

1. ESR response from individual spins in the dot

1. ESR based manipulation of spins in a double dot 
	3a

3a,3c

3a

3d,3a

	14. Karlsruhe
	12

24

36

48


	1. Study of the influence of realistic band structures and disorder in ferromagnetic semiconductors. 

2. Study of stability of spin supercurrents - role of spin-orbit coupling and magnetic impurities.

1. Generalization of the theory for ferromagnetic semiconductors to quantum wells. 

2. Investigation of existence of Josephson-like effects in weak links of ferromagnetic thin films. 

1. Calculation of the temperature dependence of the electric resistance in diluted ferromagnetic semiconductors

2. Work out similarities and differences between spin supercurrents in ferromagnets and charge supercurrents in superconductors.

1. Investigation of the transport properties of spin-transistors consisting of ferromagnetic semiconductors.

2. Study of spin supercurrents in different simply and multiply connected geometries.
	1d

3f

1d

3f

1d

3f

1d

3f


Research Effort of the Participants 

	Participant
	Young researchers to be financed by the contract (person-months)

(a)
	Researchers to be financed from other sources (person-months)

(b)
	Researchers likely to contribute to the project (number of individuals)

(c)

	 1. München
	24
	61
	4

	 2. Aachen
	36
	34
	3

	 3. Basel
	24
	66
	7

	 4. Budapest
	24
	39
	5

	 5. Pisa
	24
	98
	4

	 6. Delft-th
	24
	64
	4

	 7. Groningen
	24
	36
	4

	 8. Orsay
	24
	76
	5

	 9. Poznan
	24
	142
	8

	10. Weizmann
	48
	92
	6

	11. Würzburg
	24
	102
	9

	12. Zürich
	24
	57
	4

	13. Delft-exp
	24
	64
	5

	14. Karlsruhe
	12
	100
	7


