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Mechanism of high Tc cuprate superconductors: an open question

• Pseudogap?
• Competing charge orders?
• Pairing symmetry?
• …

• Highest Tc at ambient pressure
• Doped Mott insulator: “dirty” metal

Complex phase diagram of cuprates
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Structure of Bi2Sr2CaCu2O8+x (Bi-2212)
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Measurements of SC gap: non-phase sensitive experiments
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Josephson effect
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Josephson Effect

superconducting quantum interference device
(SQUID)



Phase sensitive experiments of cuprates: in-plane Josephson junctions
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Phase sensitive experiments of cuprates: c-axis Josephson junctions
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anomalous Green function:tunneling matrix elements:
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R. A. Klemm’s explanation 
with orbital effect in s-wave

Phase sensitive experiments of cuprates: c-axis Josephson junctions



Van der Waals heterostructures

A. K. Geim et al. Nature, 499, 419 (2013). L. Wang, et al. Science, 342, 614-617 (2013).

Atomically flat interfaces



Fabrication of twisted Bi-2212 junctions with vdW stacking and annealing
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Atomic flat junctions at the micrometer scale
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Temperature dependent resistance of the heterostructures

bulk 
interface junction



Josephson effect in twisted Bi-2212 junctions

Fraunhofer patterns

I-V at different temperatures
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Ambegaokar-Baratoff
formula: S-I-S junction



Doping dependent Jc and IcRn

Jc: critical current density IcRn : Josephson coupling strength
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Josephson junction quality as high as intrinsic ones
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Isotropic Josephson coupling strength at different twist angles
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experimental data mixture of s- and d- wave

Isotropic Josephson coupling strength at different twist angles

Significant s-wave 
component

orbital effect



experimental data mixture of s- and d- wave orbital effect

Significant s-wave 
component

Isotropic Josephson coupling strength at different twist angles
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Cold transfer developed by S. Y. Zhao, et al

d-wave like

Co-tunneling of cooper pairs
Half-integer Shapiro steps



T=1.6 K

s-wave?

second order effect?

Twist angle dependent IcRn at different temperatures
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orbital effect?



Summary

• Atomic flat Bi-2212 Josephson junctions at different doping 
levels and twist angles

• Isotropic Josephson tunneling

• s-wave component


