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Introduction

Condensed matter theory

Proposal and interpretation of experiments
Field of nanoscale superconductivity
Long term goal is to realize devices based on
electronic entanglement
All Hamiltonians are quadratic
Ballistic (localizing effects of disorder treated qualitatively)
Technical difficulty: Calculation of nonequilibrium transport
properties (current and noise), even for strong nonequilibrium
All considered systems are solvable:

Two types of methods:
Scattering calculations (wave-function approach)
Non equilibrium microscopic Green’s functions

Two types of solutions
Exact analytical expressions
Numerical calculations = very small error-bars

Physical difficulty: Often, interpretation comes at the end, as
for experiments → sometimes, surprises and nontrivial effects
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SN Junction: Andreev Reflection (1/2)
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SN Junction: Andreev Reflection (2/2)
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SN Junction: Nonlocal Andreev Reflection (1/3)
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Nonlocal Andreev Reflection (2/3)
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Nonlocal Andreev Reflection ≡ Cooper Pair Splitting (3/3)

Three-terminal set-up required in experiments
Quest: Manipulation of spatially separated

spin-entangled pairs of electron
First theoretical contributions: Byers-Flatté, Martin, Anatram-Datta,

Deutscher-Feinberg, Falci-Hekking, Choi-Bruder-Loss, Mélin
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Highly Transparent Contacts
(Chandrasekhar group, North-Western University, PRL ’06)
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Figure 11. Scanning electron micrograph of a multi-probe NS device used to

measure nonlocal contributions to the resistance. The numbers refer to the contacts

used in the measurements discussed in the text. The size bar is 1 µm.

similar in form to what is observed in the NS cross: as the temperature is lowered, a peak in

resistance is observed at Tc that decreases as the temperature is lowered further, saturating at

a finite value as T → 0. Both the peak and the T ∼ 0 resistance decrease in amplitude as one

moves away from the NS interface through which the current is being sent. However, as we shall

see shortly, the peak resistance and the T ∼ 0 resistance do not scale with distance from the NS

interface in the same way.

The low-temperature nonlocal differential resistance of the same device is shown in

figure 12(b) for all six Au contacts, with the dc current sent between the Au wire labelled 2 to

the Al wire labelled 1 in figure 11. Like the temperature dependence, the differential resistance

is very similar to that of the NS cross. At zero dc current, there is a finite differential resistance

that decreases as one moves further away from the NS interface through which the current is

being sent. As the dc current is increased further, a large peak in resistance develops, followed

quickly at around 2.75 µA by a region of negative differential resistance before the resistance

eventually vanishes. From direct measurements of the resistance of the Al wire, this current

corresponds to the critical current Ic of the Al wire. The resistance peaks and corresponding

resistance dips also decrease in amplitude as one moves away from the interface. As with the

temperature dependence, the scaling of the peaks and the zero bias resistance with distance from

the NS interface is not the same. This can be seen by scaling all the curves so that the amplitude

of the peaks match, as shown in figure 13. If this is done, the zero bias resistances do not match.

Interestingly, the magnitude of the resistance dips also do not scale in the same way as the

resistance peaks, indicating that there is an additional contribution to the resistance near Ic that

is not associated with charge imbalance. A similar effect was seen earlier in our FS samples. The

sign of the resistance dip indicates that this might be due to CAR. However, in the absence of a

theory for nonlocal charge imbalance, it is difficult to distinguish between these contributions to

the differential resistance.

Russo et al [54] recently measured nonlocal resistances in NS devices with tunnelling

contacts. They also observed a positive differential resistance at zero bias that switched to a

New Journal of Physics 9 (2007) 116 (http://www.njp.org/)
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Figure 3. False colour scanning electron micrograph of a FNS device fabricated

by electron-beam lithography. The ferromagnetic element is patterned in the shape

of an ellipse to preferentially align the magnetization along the major axis of the

ellipse. The external magnetic field is also aligned along the major axis of the

ellipse in the plane of the substrate. The numbers refer to the contacts used in the

measurement (see text).

and the magnetization could be controlled easily by an external magnetic field aligned in the

same direction. The electrical contacts on the ferromagnetic particles (see figure 3) enabled us

to investigate the magnetic behaviour by measuring the particle’s anisotropic magnetoresistance

(AMR) [47]. The ferromagnetic materials used were either polycrystalline Ni or permalloy

(Ni81Fe19) deposited using an e-gun evaporator, giving resistivities typically around 6 µ
 cm.

The next layer to be patterned and deposited (or the first layer in the case of the NS devices)

was the normal metal, which for the devices discussed in this paper was Au. The final deposited

layer was the superconductor Al. The resistivities of the Au and Al films were in the range of

2–4 µ
 cm. In order to ensure transparent interfaces between each metallic layer, an in situ

Ar+ ion plasma etch was performed immediately prior to deposition. This was especially critical

for the ferromagnet–superconductor interfaces, as the Ni or permalloy developed a native oxide

layer under ambient conditions. With this in situ etch, the specific interface resistance for the

Ni/Al interfaces was 20–40 m
 µm2 and the specific resistance for the Al/Au interfaces was

1.4–2.6 m
 µm2, essentially the Sharvin resistance of the interface. For comparison, an external

Ar+ ion etch, in which the devices were etched in a separate chamber and immediately transferred

by hand through air to the evaporator chamber for deposition, gave specific interface resistances

of 370 m
 µm2 to 19 
 µm2 for the Ni/Al interfaces, the large range of values reflecting the

irreproducible nature of the process.

3.2. Measurement

The devices were measured in a 3He refrigerator with a base temperature of 260 mK or a dilution

refrigerator with a base temperature of ∼16 mK. The 3He refrigerator could be inserted in a

cryogenic dewar equipped with a two-axis magnet which allowed the application of magnetic

New Journal of Physics 9 (2007) 116 (http://www.njp.org/)

High values of interface transparency
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Yes or no is it a way to obtain a massive signal
for separated pairs ?

Answer is no: Experimental signal not controlled
by Cooper pair splitting
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ANR PNANO Elec-EPR (2008-2011): The Noise

Lefloch / Courtois
experiment, PRL 2011
Incoherent SNSNS
SQUID-based amplifiers
CEA-Grenoble / NEEL

Current noise Sa,a and current noise cross-correlations Sa,b

Sa,a(t ′) = 〈δÎa(t + t ′)δÎa(t)〉 and Sa,b(t ′) = 〈δÎa(t + t ′)δÎb(t)〉
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Race to Positive Current-Current Cross-Correlations:
Example of Exact Analytical Solution

Collaboration with

Martina Flöser Axel Freyn
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Small transparency
Cooper pair splitting ⇒ Positive current-current cross-correlations

Common wisdom for all transparency
Positive current-current cross-correlations ⇒ Cooper pair splitting

What we have shown at high transparency
Positive current-current cross-correlations ; Cooper pair splitting
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The method (Blonder, Tinkham, Klapwijk PRB 1982)

δV(x)=H   (x)

N S

Spin−up electron

Spin−down hole

Spin−up electron

One-dimensional geometry
Two-component wave-functions for electrons and holes
Matching of ψ(x) and ∂ψ(x)/∂x at the interfaces
Below the gap:

Evanescent wave-functions in S + response linear in voltage
Current is conserved: quasi-particles converted as pairs
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Wave-function matching for a NSN structure

δV(x)=H   (x)
ba

V(x)=H   (x)δ

Na NbS

ξR spin−down hole

spin−up electronspin−up electron

spin−down hole

spin−up electron

Calculation of the s-matrix
Asumption: applied voltages small compared to the gap

⇒ Evanescent wave-functions in S
Mimicking a multichannel 3D junction with a 1D systems
⇒ averaging over λF oscillations in 1D model
Analytic expression for the average
Sa,b = 〈δÎaδÎb〉 at arbitrary transparency

⇒ Sa,b > 0 at high transparency without Cooper pair splitting
Unusual sign due to exchange of two fermions
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Conclusion (1/2): Present-time status of entanglement in
NSN

What is the value of interface transparency
for probing entanglement ?

Probing entanglement at high transparency ?
Presumably NO in spite of positive cross-correlations
(absence of Cooper pair splitting)

Probing entanglement at moderate of interface transparency ?
Answer is NO (absence of positive cross-correlations)

Probing entanglement for tunnel contacts ?
Simple theoretical anwser is YES (Cooper pair splitting) ...
But simple perturbation theory contradicted by experiments
(Delft, Karlsruhe, Northwestern University)
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Conclusion (2/2)

NSN structures should be abandoned in order to produce
entangled pairs of electrons
Three promising directions:

N-dot-S-dot-N (production of split pairs)
S-N-S-N-S (production of nonlocal pairs of pairs)
S-dot-S-dot-S (production of nonlocal pairs of pairs)
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