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Cooper pair splitting (Crossed Andreev reflection\Nonlocal Andreev reflection)
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Spatially separate entangled electrons Potential device for quantum information
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Results in graphene

Why graphene? 

Good physical properties;

2D material, lithography advantage, 
design for splitter is open;

Spin-orbit coupling is weak;

Specular crossed Andreev reflection.
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Physical separate two QDS: 1) bias can be tuned independently.
2) weak coupling between two QDs.

A Graphene Cooper Pair splitter
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CPS efficiency:

Evidence of CPS in graphene

Z. B. Tan, D. Cox, T. Nieminen, P. Lähteenmäki, D. Golubev, G. B. 
Lesovik, P. J. Hakonen, Phys. Rev. Lett. 114, 096602 (2015)



First direct observation of CPS or EC 
dominated  when energy levels of two 
QDs are asymmetric or symmetric

Energy level filtering for CPS and EC

Z. B. Tan, D. Cox, T. Nieminen, P. Lähteenmäki, D. Golubev, G. B. 
Lesovik, P. J. Hakonen, Phys. Rev. Lett. 114, 096602 (2015)

Energy level filtering is crucial for 
nonlocal thermoelectric effect!

Z. Cao et al, Appl. Phys. Lett. 107, 212601 (2015)



False Color SEM Image

Thermopower measurement 
2ω method
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Thermal Model



Analytical modelingୣ ௃௢௨௟௘,  
where  ௘ (Wiedemann-Franz law)
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Thermal Model



Calibrate Thermometer

SGS Thermometer
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Local Thermoelectric Current

Thermoelectric current 
linear with ΔT

Vheat from 1 mV to 29 mV



Thermoelectric Current in Two QDs
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Nonlocal Thermoelectric Current: Experiment
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Nonlocal Thermoelectric Current: Theory

Dmitry Golubev
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CPS and EC for Refrigerator

Balance between CPS and EC current in QD2
Cooling the right part of graphene, as a refrigerator.

10 pA, 20 μV                           2e-16 W

I2 = ICPS - IEC = 0
ΔI1 = ICPS + IEC = 2ICPS

N. S. Kirsanov, Z. B. Tan, D. Golubev, P. J. Hakonen, 
and G. B. Lesovik, Phys. Rev. B 99, 115127 (2019)



Summary:

Tuning the energy level of the two sides of the Cooper pair splitter is crucial for 
studying the thermoelectric effects.

We observed thermoelectric current in a Cooper pair splitter, and have 
qualitatively understanding on that.

ΔI2ω
2(pA)



Acknowledgments:

A. Laitinen, D.S. Golubev, and P.J. Hakonen
Low Temperature Laboratory, Department of Applied Physics, 
Aalto University, Espoo, Finland

N.S. Kirsanov, and G.B. Lesovik
Moscow Institute of Physics and Technology, Russian Federation


