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* |ntroduction: superconducting diode effect (SDE)
e Zero-field SDE in twisted trilayer graphene
* Diodic order in normal state in multilayer graphene

Valley and momentum polarization
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Superconducting diode effect (SDE)
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Presenter
Presentation Notes
In a nonreciprocal superconductor the amplitude of critical current can be different on opposite current direction. This gives the superconducting diode effect, where Cooper pairs flow in one direction while normal state electrons flow in the opposite direction.
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Superconducting diode effect (SDE)

Examples of SDE:
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Our systems:

Twisted trilayer graphene Bernal (AB stacking) bilayer graphene
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Graphene multilayers with flat band

* Flat energy band
e Superconductivity

Degrees of freedom: Coulomb interaction
spin X valley | = 4 isospin flavors | > Symmetry breaking
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Presenter
Presentation Notes
In multilayer graphene systems there are two important degrees of freedom: electron spin (up and down) and valley (K and K’). Together, there are four isospin flavors. In a flat-band condition, strong Coulomb interaction leads to isospin symmetry breaking.
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Outline

e Zero-field SDE in twisted trilayer graphene
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SDE in twisted trilayer graphene
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Presenter
Presentation Notes
In a twisted trilayer graphene device, we observed nonreciprocal superconductivity, even in the absence of external magnetic field.
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Symmetry requirement of SDE

» SDE requires breaking inversion/C, symmetry

» SDE requires breaking time reversal symmetry
spontaneous
» finite momentum pairing

N. F. Q. Yuan, et al, PNAS (2022), A. Daido, et al, PRL (2022), J. ). He, et al, New J. Phys (2022), H. D
Scammell, et al, 2D Materials (2022), ...
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What is the origin of the zero field SDE?
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Presentation Notes
Theoretical studies show that superconducting diode effect requires the breaking of time reversal symmetry and inversion symmetry. Our observation of superconducting diode effect at zero magnetic field means that here superconductivity coexists with a spontaneous time reversal symmetry breaking.
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Symmetry analysis
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.......

e |s this order intrinsic to SC? Or inherit from normal state?
* How to detect valley isospin order? "
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Presentation Notes
From the symmetry analysis we can see that superconducting diode effect can be naturally attributed to an imbalance in the charge occupation in two valleys, which breaks both time reversal and inversion symmetries.
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Outline

* Diodic order in normal state in multilayer graphene
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Normal state nonreciprocity and nonlinear measurement
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Nonlinear response:
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second-harmonic frequency

12


Presenter
Presentation Notes
Normal state nonreciprocity can be probed by using nonlinear transport measurement at the second-harmonic frequency. The quadratic relation and sign reversal when flipping current direction are consistent with nonreciprocity.
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Normal state nonreciprocity and nonlinear measurement
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Presentation Notes
Comparing the hysteresis of an orbital ferromagnetic state and its onset at low temperature, we show that the normal state nonreciprocity couples to valley isospin order.



Angular-resolved nonlinear transport measurement

nonlinear response:
fermi surface imbalance
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— Map out fermi surface contour
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Outline

* Valley and momentum polarization
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Coulomb-driven momentum polarization
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Presentation Notes
Recent theory predicts momentum polarization (sequential filling of the trigonal-warping pockets) in Bernal bilayer graphene due to Coulomb interaction near the band edge.
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ARNTM - in Bernal bilayer graphene
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Presentation Notes
ARNTM signal can probe the Fermi surface imbalance in different azimuth angles, hence can be used to differentiate valley and pocket filling status. For example, absence of ARNTM signal (middle row on the right) shows a valley balanced situation, because time-reversal and C2 symmetries are preserved in this situation, while the large ARNTM signal (top and bottom row) correspond to valley imbalance. In the valley imbalanced situations, a three-fold ARNTM signal corresponds to the equal filling of three trigonal-warping pockets in one valley (top row), while a one-fold ARNTM signal corresponds to filling of one pocket, i.e., momentum polarization (bottom row).
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ARNTM - in Bernal bilayer graphene
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Presentation Notes
Most of the areas in the n-D phase space are dominated by one-fold ARNTM signal, and this color map shows the polarization angle in such areas. This tells us that Coulomb-driven momentum polarization is ubiquitous, and that near the band edge, the pockets are sequentially filled as doping increases, consistent with the theoretical prediction. The linecut (right half of the slide) taken from the color map is an example of such sequential filling. This example also involves a transition of the dominant valley.
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ARNTM - in Bernal bilayer graphene
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* Not artifact
* Momentum polarization is a universal phenomena
« ARNTM is a sensitive probe

J.-X. Lin, et al., arXiv:2302.04261 (2023) 19
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Presentation Notes
We also observed Coulomb-driven momentum polarization in the Landau levels. These measurements in Bernal bilayer graphene established ARNTM as a sensitive probe of momentum polarization and valley imbalance.
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tTLG: normal state valley and momentum polarization

N.J. Zhang, et al., arXiv:2209.12964 (2022) 20
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Presentation Notes
In twisted trilayer graphene, we observed momentum polarization and valley imbalance in the normal state.
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tTLG: normal state valley and momentum polarization

21
N. J. Zhang, et al., arXiv:2209.12964 (2022)


Presenter
Presentation Notes
Momentum polarization and valley imbalance is everywhere throughout the flat band, including the normal state at the doping ranges where superconductivity develops at lower temperatures. This suggests that superconductivity forms from a valley- and momentum-polarized Fermi surface.
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Diodic order at superconducting transition
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Presenter
Presentation Notes
Left: Above the superconducting transition temperature, nonreciprocity in the normal state is enhanced as temperature decreases. Right: In the superconducting state, difference of critical current in opposite direction (eta) is used as a measurement of nonreciprocity (superconducting diode effect). The red arrow marks the optimal direction of nonreciprocity. Comparing different regimes in the phase space of temperature and current, we can see that the optimal direction of nonreciprocity in the superconducting state is not necessarily inherited from the normal state.
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Summary

» Zero-field superconducting diode effect

* Diodic order in normal state, arising from valley and momentum
polarization
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