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            Abstract
The superconducting analogue to the semiconducting diode, the Josephson diode, has long been sought with multiple avenues to realization being proposed by theorists1,2,3. Showing magnetic-field-free, single-directional superconductivity with Josephson coupling, it would serve as the building block for next-generation superconducting circuit technology. Here we realized the Josephson diode by fabricating an inversion symmetryÂ breaking van der Waals heterostructure of NbSe2/Nb3Br8/NbSe2. We demonstrateÂ that even without a magnetic field, the junction can be superconducting with a positive current while being resistive with a negative current. The Î”Ic behaviour (the difference between positive and negative critical currents) with magnetic field is symmetric and Josephson coupling is proved through the Fraunhofer pattern. Also, stable half-wave rectification of a square-wave excitation was achieved with a very low switching current density, high rectification ratio and high robustness. This non-reciprocal behaviour strongly violates the known Josephson relations and opens the door to discover new mechanisms and physical phenomena through integration of quantum materials with Josephson junctions, and provides new avenues for superconducting quantum devices.
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                    Fig. 1: Schematic and superconductivity of the JD at zero field.[image: ]


Fig. 2: Half-wave rectification and durability test of the JD at 20 mK and zero field.[image: ]


Fig. 3: Magnetic field dependence of Ic and Î”Ic.[image: ]


Fig. 4: Critical current map and second-harmonic resistance of the JD.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Temperature dependent resistance and V-I curves of the Josephson diode.
a, Nb3Br8: crystal structure and inversion center locations. b, Resistance versus temperature measured using an a.c. current of 100â€‰nA. Inset shows the enlarged plot near the superconducting transition of 6.6â€‰K. c, V-I curves with positive sweep measured at different temperatures showing nonlinear behavior appearing below Tc.


Extended Data Fig. 2 V-I curves and half-wave rectification at different temperatures.
a, Positive sweep V-I curve measured at 0.9â€‰K. Both Î”Ic and Î”Ir are visible. b, Half-wave rectification measured at 0.9â€‰K with an applied current of 7.6â€‰Î¼A at 0.1â€‰Hz. The red dotted lines are the zero lines, showing that junction is in the superconducting state with negative current and switches to the normal state with positive current. c, Positive sweep V-I curve measured at 3.86â€‰K. Î”Ic is still visible, while the hysteresis is almost completely suppressed. d, Half-wave rectification measured at 3.86â€‰K with an applied current of 5.14â€‰Î¼A at 0.1â€‰Hz. The red dotted lines are the zero lines. Imperfect rectification is evident with some punch-through error, probably due to thermal fluctuation.


Extended Data Fig. 3 V-I curves with 0-p and 0-n branches measured at different magnetic fields.
Solid lines are 0-n branches (where Ic- was extracted) and dotted lines are 0-p branches (where Ic+ was extracted) corresponding to Fig. 3. Î”Ic almost â€˜turns offâ€™ at 35â€‰mT.


Extended Data Fig. 4 Sweep-up magnetic field dependence of Ic and Î”Ic.
a, Ic+ (orange dots) and |Ic-| (green dots) obtained from the 0-p and 0-n branches of the positive sweep as a function of applied magnetic field. The in-plane magnetic field was swept from negative to positive. b, Î”Ic as a function of magnetic field. Inset shows Î”Ic as a function of |Ic-| from modulation of magnetic field with the diode effect â€˜turning offâ€™ below 2.1â€‰Î¼A. These sweep-up results are nearly identical with the sweep-down results shown in Fig. 3.


Extended Data Fig. 5 Magnetoresistance of NbSe2/Nb3Br8/NbSe2 and FLG/Nb3Br8/FLG heterostructures.
a, Sweep-up and sweep-down magnetoresistances of NbSe2/Nb3Br8/NbSe2 (device 1) with OOP magnetic field at 10â€‰K (above Tc of NbSe2). b, Sweep-up and sweep-down magnetoresistances of device 1 with in-plane magnetic field at 10â€‰K. c, Sweep-up and sweep-down magnetoresistance of FLG/Nb3Br8/FLG (device 6) with OOP magnetic field at 2â€‰K.


Extended Data Fig. 6 Field-free Josephson diode effect of a NbSe2/four-layer Nb3Br8/NbSe2 device.
a, Ic+ and |Ic-|as a function of magnetic field at 20â€‰mK in NbSe2/four-layer Nb3Br8/NbSe2 junction (device 3). b, Î”Ic as a function of magnetic field of device 3. c, First harmonic (RÏ‰) and second-harmonic resistances (R2Ï‰) as a function of magnetic field measured at 20â€‰mK with an applied current of 4â€‰Î¼A of device 3.


Extended Data Fig. 7 Field-induced superconducting diode effect in NbSe2/NbSe2 and NbSe2/FLG/NbSe2 heterostructures.
a, V-I curve of NbSe2/NbSe2 junction (device 4) measured at 2â€‰K and 0â€‰T. b, Ic+ and |Ic-| as a function of magnetic field of device 4 at 2â€‰K. c, âˆ†Ic as a function of magnetic field of device 4. d, âˆ†Ic as a function of magnetic field of NbSe2/FLG/NbSe2 junction (device 5) measured at 2â€‰K, inset shows the corresponding Ic+ and |Ic-|.


Extended Data Fig. 8 Field-induced superconducting diode effect in NbSe2/NbSe2 heterostructures with a lower critical current.
a, Ic+ and |Ic-| as a function of applied magnetic field of NbSe2/NbSe2 junction (device 7). b, âˆ†Ic as a function of magnetic field of device 7.


Extended Data Fig. 9 Fraunhofer patterns of NbSe2/Nb3Br8/NbSe2 heterostructures.
a, Fraunhofer pattern of device 1 with sweep-down magnetic field. b, Fraunhofer pattern of device 2. c, âˆ†Ic as a function of applied magnetic field of device 2 measured at 20â€‰mK, inset shows the corresponding Ic+ and |Ic-|.


Extended Data Fig. 10 Obstructed atomic insulator property of Nb3Br8.
a, charge density distribution in a Nb3Br8 unit cell, the yellow/blue lobes indicate the charge density. b, charge density distribution as a function of unit cell location. Note the charge density does not drop to near zero in every other van der Waals gap.
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