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Quantum Mechanics

∆p θ = ∆p . x
Cooper pair

Superconductivity

Motivation

D-wave p=0  l=2 θAnalogy :

-pF+∆p +pF+∆p



Ferromagnetic proximity effect

Exchange interactionSinglet state

∆p =
Eex
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ξF = 1/∆p << ξN



Gain

1. Eex ˜  ∆
2.   clean limit

Since only phase coherence is required in F :

But

We need the spin to be a good quantum number :

1. ξF < domain size
2. h/τso << Eex
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The superconducting Density of States
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Usadel equations :
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+ i E + exE( )sinΘ = 0

N(E) = ℜe cosΘ{ }

Eex>>∆S



Andreev Reflections
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Coherent superposition

ψ = ψ e + ψh ∝ cos(E / ThE )

  ψ h = eiEt h × ψ 0(x)

  ψe = e−iEt h × ψ0(x)

For E << Eex Eex
Rowell & MacMillan PRL 16, 453 (1966)
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TEM
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Planar Tunnel Junctions

Pd1-xNix x ˜  10%  Tc ˜  100 K
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PdNi

NiNi

Indirect exchange

µ ˜  2.4 µB per Ni
µNi = 0.6 µB

˜  15 Å

Itinerant ferromagnetism

Hallρ = oR B + sR sM

Hall
resisitivity

Normal

Rs ˜  ρ2

Anomalous

Ms
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Tunneling Spectroscopy
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Measure of the exchange energy

Γ = exE
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M = Bµ exE N( FE ) StonerI

We get M ˜  0.1µB for Eex ˜  10meV

Ferromagnetic state

Eex>>∆
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Eex ˜  10 meV ξF ˜  50 Å

F
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Density of States at Zero Energy
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Kontos et al. PRL 86, 304 (2001)



Josephson Coupling

Density of States N(0) ˜  RB
2 Smaller effect

Josephson coupling IcRn ˜  RB Larger effect
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Temperature dependence

V. Ryazanov et al., PRL 86 2427 (2001)

IcRn ˜  2nV
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Electron lithography
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π-SQUIDs

In collaboration with W. Guichard & P. Gandit, CRTBT-Grenoble,
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Diffraction : I=2Ic   cos (πΦ/Φo+δab/2)

W. Guichard et al. PRL (2003) D. Van Harlingen Rev. Mod. Phys. 67, 515 (1995)



π-Rings

SQUID

π-ring

Josephson Junctions

π-Junction

Majer et al. Submitted APL

Non-linear



Spontaneous currents
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Conclusions

The exchange field modifies the superconducting
wave function :

i) Spectroscopy of a oscillating Order Parameter
(“0-state” and “π-state”).

ii) Negative Josephson coupling: π-Junctions.

iii)  π-SQUIDs.

iv)  π-rings and spontenous supercurrents.

Direct measurement of the exchange energy.


