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SuperconductorsSuperconductors

Discovered: Kamerlingh-Onnes, 1911

Occurs: in many metals at low temperatures

Manifestations: Zero resistance, magnetic field expulsion

Origin: unknown till 1957

Theory: Bardeen, Cooper, and Schrieffer (BCS)

Broken: Gauge symmetry

Utilized: Macroscopic quantum devices as coherence source



Spectrum and condensateSpectrum and condensate

•• Electron pairs condenseElectron pairs condense

•• Gap Gap ∆∆∆∆∆∆∆∆ in the spectrumin the spectrum

•• Phase differences Phase differences –– cost little energycost little energy

•• Phase gradients Phase gradients –– supercurrentssupercurrents

•• Persisting, nonPersisting, non--dissipativedissipative……
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Josephson junctionJosephson junction

•• B. Josephson,1960B. Josephson,1960

•• current = amplitudecurrent = amplitude

•• P.W. Anderson, 1962P.W. Anderson, 1962

•• charge and phase = charge and phase = 

conjugated variablesconjugated variables

•• phases are shifted by phases are shifted by 

magnetic fluxesmagnetic fluxes
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SQUIDSQUID

•• Phase differences shifted by magnetic flux Phase differences shifted by magnetic flux ΦΦΦΦΦΦΦΦ

•• Measures unbelievably small magnetic Measures unbelievably small magnetic 

fieldsfields
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Superconducting proximity effectSuperconducting proximity effect

•• Virtual electron propagationVirtual electron propagation

•• TwoTwo--el. Tunnelling=Andreev Reflectionel. Tunnelling=Andreev Reflection
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SemiconductorsSemiconductors
•• Gap Gap 

•• Doping Doping –– many materials in onemany materials in one

•• Field effect (Transistors)Field effect (Transistors)

•• (Easy) (Easy) heterostructuresheterostructures and quantum wellsand quantum wells

•• 2D gas in 2D gas in heterostructuresheterostructures

•• Shaping 2d gas with gate electrodes!Shaping 2d gas with gate electrodes!

– Lot of fun

– Quantum Transport



Quantum point contactQuantum point contact

•• Van Van WeesWees et al. 1988 et al. 1988 ––experimental experimental 

evidence of conductance quantizationevidence of conductance quantization
2D 
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Quantum dotQuantum dot
•• VisiblyVisibly discrete spectrumdiscrete spectrum

•• Tunable number of electronsTunable number of electrons

– Charging energy

Vg

δ



Combinations?Combinations?

•• Josephson FieldJosephson Field--Effect Effect 

transistortransistor

•• 90's 90's –– Contact 2D, please!Contact 2D, please!

•• Superconductivity + Superconductivity + 

Quantum Point ContactQuantum Point Contact

•• Superconductivity + Superconductivity + 

Quantum DotsQuantum Dots

•• Superconductivity+ Superconductivity+ 

multiterminalmultiterminal

T.D. Clark, R.J. Prance, A.D.C. Grassie,

APL 1980

Shaping quantum devices in 2D gas

+

Using (free) quantum coherence

of superconductors



Problems when combiningProblems when combining

•• SchottkySchottky barrierbarrier

•• Fermi surface mismatchFermi surface mismatch

•• DisorderDisorder near the interfacenear the interface

metal
semiconductor
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Highlights: Highlights: JoFETJoFET

•• L=350 nm, W=40 L=350 nm, W=40 µµµµµµµµmm
T. Akazaki. H.Takayanagi, and J. Nitta,

APL 1996



HighLightsHighLights: QPC: QPC

S. G. den Hartog, B. J. van Wees, 

Yu. V. Nazarov,T. M. Klapwijk,

G. Borghs, PRL 1997



Dead endDead end



NanowiresNanowires: optimistic: optimistic

•• 1d better than 2d1d better than 2d

•• Atomic accuracyAtomic accuracy

C.M. Lieber, Harward

L. Samuelsson, Lund

E.P.A.M. Bakkers, Eindhoven



NanowiresNanowires: pessimistic: pessimistic
•• C. C. ThelanderThelander et al, et al, Sol. St. Comm. 2004Sol. St. Comm. 2004

•• unintentional dopingunintentional doping

•• short mean free pathshort mean free path



NanowiresNanowires in Delftin Delft

•• No growthNo growth

•• No investigationNo investigation

•• UtilizationUtilization

– single photons

– single electrons

– and holes

– dots, turnstiles



JoFETJoFET in in nanowiresnanowires

•• supercurrentsupercurrent from the first tryfrom the first try

•• fieldfield--effect from the effect from the backgatebackgate

Yong-Joo Doh, J. A. van 

Dam et. al, Science 2005



Our deviceOur device

•• SQUIDSQUID

•• measures measures 

supercurrentssupercurrents

•• gates to gates to 

junctionsjunctions

To define a quantum dot

Jorden A. van Dam, Yuli V. Nazarov, Erik P. A. M. Bakkers, 

Silvano De Franceschi & Leo P. Kouwenhoven, Nature 2006



Measurement results:Measurement results:

SupercurrentSupercurrent reversalreversal



Negative Negative supercurrentsupercurrent

•• Negative amplitude?Negative amplitude?

•• Energy balanceEnergy balance

•• ππππππππ--junction(interesting,bistablejunction(interesting,bistable))

•• SS--FerromagnetFerromagnet--S S stucturesstuctures, exotic sup., exotic sup.

•• A single ferromagnetic atom(1970)A single ferromagnetic atom(1970)

•• Early theories of quantum dots (1992)Early theories of quantum dots (1992)

•• Superstitions in scienceSuperstitions in science
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Transport processes in Transport processes in 

superconducting superconducting q.dq.d..

•• Tunneling HamiltonianTunneling Hamiltonian

•• 2 2 elsels x 2 barriers = 4 tunneling amplitudesx 2 barriers = 4 tunneling amplitudes

•• either 1 or 2 levels involvedeither 1 or 2 levels involved

•• different ordering of 4 tunnel processes: 24 different ordering of 4 tunnel processes: 24 

possibilitiespossibilities
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SingleSingle--level level q.dq.d

•• Cooper pair = spin Cooper pair = spin 

singletsinglet

Spin order

reversed,

sign changed
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ManyMany--level level q.dq.d..

•• Levels of two kindsLevels of two kinds

– even

– odd

•• Interference shows Interference shows 

parityparity

– even-even or odd-odd

– even-odd
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Results and simulationsResults and simulations

•• Chaotic dotChaotic dot

•• δδδδδδδδ --mean level mean level 

spacingspacing

•• Effective Effective 

number of number of 

levels levels 

max( , ) /CE δ∆



FutureFuture

•• ππππππππ--bistabilitybistability

•• OddOdd--Even Even BistabilityBistability

•• SpinSpin--orbit effects on spin in the dotorbit effects on spin in the dot

•• Spin manipulation by flux?Spin manipulation by flux?


