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Superconducting ratchet effect

Science 302, 1188 (2003)



Superconducting diode effect



Superconducting diode effect

Parity-breaking vector:



Superconducting diode effect

PNAS 119, e2119548119 (2022):

Ingredients:
• broken inversion symmetry (P-symmetry) – spin-orbit coupling
• broken time-reversal symmetry (T-symmetry) – magnetic (Zeeman) field 



Superconducting diode effect (experiment)

[Nature Communications (2019)]

[Nature (2020)]



Josephson diode effect (JDE)

Ingredients:
• broken inversion symmetry (P-symmetry)
• broken time-reversal symmetry (T-symmetry) – magnetic field 



Josephson diode effect (experiment)

Nature Nanotechnology (2022)

Nature Physics (2022)



Resistively-shunted junction (RSJ) model

— sinusoidal current-phase relation (CPR)

Units:

Resistively-shunted junction
(RSJ) model:

Solution at � > 1:
[Aslamazov, Larkin (1969)]

[Stewart (1968), McCumber (1968)]

where

General relation:



Higher Josephson harmonics

RSJ equation:

General relation:

— nonsinusoidal CPR with higher harmonics



SQUID

CRP of the SQUID:

Sinusoidal case:

where

Critical currents in two directions:

More generally, this is so
(a) in symmetric SQUIDs with arbitrary �� � = �� �
(b) when �� � and �� � contain the same single harmonic (with arb. amplitudes)



Asymmetric higher-harmonic SQUID as a Josephson diode

General case:

“Minimal model”:

where

N.B.:
• broken TRS due to magnetic flux in the SQUID
• any asymmetry between the two Josephson junctions

are not sufficient for the diode effect

Effective Josephson junction with



CVC: harmonic perturbation theory in the limit of � ≫ �

Current-voltage characteristic (CVC) in the sinusoidal case:

“Minimal model”:

CVC (at arbitrary �):

— asymmetry (JDE)



CVC            becomes                                                 vs.

CVC: perturbation theory in the limit of � ≪ �

Perturbation theory with feedback (à la [Thompson (1973)]):

Order by order:

— this feedback should ensure that
�� � with � = 1,2, … are limited functions

CVC (at arbitrary �):

— asymmetry (JDE)



CVC: numerical results

Diode effect:



Shapiro spikes

Voltage-driven junction:

General CPR:



Shapiro spikes in the minimal model

— single contribution, symmetric spikes:

— interplay of two contributions: �, � = (1, �) or (2,2�):

— asymmetric spikes, JDE

Diode effect:



CVC               becomes                                          vs.

Shapiro steps

Current-driven junction:

Perturbation theory with feedback (à la [Thompson (1973)]), small ���:

Order by order:

— this feedback should ensure that
�� � with � = 1,2, … are limited functions



• integer steps at                   :

• fractional steps at                       :

Shapiro steps, first order with respect to ���

Sinusoidal junction:

Phase locking at                     :

Symmetric steps of total height

The minimal model, small second harmonic:

— asymmetry, JDE



Shapiro steps: numerical results

Diode effect:



Conclusions

Josephson diode effect in asymmetric SQUIDs with higher Josephson harmonics.

Minimal model:                                                              ,  at

• Asymmetric critical current: 

• Asymmetric current-voltage characteristic:

• Asymmetric integer Shapiro spikes (voltage-driven regime)

• Asymmetric integer and fractional Shapiro steps (current-driven regime),

• Efficiency and polarity of the diode effect depend on the external magnetic flux
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