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ABSTRACT

Superconducting diodes, enabling nonreciprocal supercurrents, hold promise for dissipationless
electronics and time-reversal-symmetry-broken physics. Developing platforms that combine
high-temperature operation with scalable fabrication remains a critical challenge for the field. Here, we
show that the intrinsic Josephson junctions naturally in the layered cuprate Bi,Sr,CaCu,;Og_ s offer a
robust, lithography-compatible platform for high-temperature superconducting diodes. By controlling
the number of naturally stacked junctions, we achieve tunable nonreciprocity, with single-surface
junctions exhibiting peak efficiency and programmable zero-field memory states. A microscopic model
attributes this behavior to geometry-induced anharmonicity in the current-phase relation, amplified by
atomic-scale barriers. Moreover, by exploiting the natural junction architecture, we fabricate arrays
containing hundreds of reproducible diodes. By uniting high-temperature operation with scalability
and programmable functionality, intrinsic Josephson diodes establish a practical route toward
superconducting electronics and open new avenues of nonreciprocal superconducting transport.

Keywords: high-temperature superconducting diodes, intrinsic Josephson junctions, tunable

nonreciprocity, zero-field memory effect, scalability

INTRODUCTION

Nonreciprocal charge transport—the ability to
preferentially conduct electrical current in one
direction—is central to modern electronics, en-
abling essential components such as rectifiers,
voltage regulators, and photodetectors. Extending
this concept into superconductors promises dis-
sipationless counterparts of these devices, offer-
ing a pathway for ultra-low-power information
technologies [1-4]. The superconducting diode
effect, wherein supercurrent exhibits directional
asymmetry, has now been realized in a variety
of systems, including superlattices [5-7], two-
dimensional materials [8-10] and microbridges
[11-13]. Among these platforms, the Josephson
junction, formed by sandwiching a thin nonsuper-
conducting barrier between two superconductors,
has emerged as a versatile unit capable of sup-

porting diverse designs and tunable functionali-
ties [14-25]. Implementations have ranged from
planar junctions [14-16], magnetic-atom junc-
tions [17], van der Waals (vdW) heterostructures
[18-20], to superconducting quantum interfer-
ence devices [21-23] and multiterminal devices
[24,25].

Most reported Josephson diodes rely on
low-transition-temperature (T.) superconduc-
tors, thereby constraining their operating range.
Pushing the diode effects into high-T, systems
is crucial for reducing cooling demands and
advancing practical integration. The cuprate su-
perconductor Bi,Sr,CaCu,03,s (BSCCO), with
its strongly layered structure, offers an attractive
platform for such effects [26-30]. Recent studies
have employed twisted BSCCO flakes to create
artificial Josephson junctions [31], revealing
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Figure 1. High-temperature intrinsic Josephson diode effect. (a) Crystal structure of BSCCO, composed of alternating superconducting Cu0,
bilayers (SC layer) and insulating SrO-BiQ barriers, which naturally form 1JJs. (b) Optical image and schematic diagram of the intrinsic Joseph-
son diode. Scale bar: 30 um. (c and d) Nonreciprocal supercurrent transport at 80 K under the magnetic field of +4.5 Oe (c) and —4.5 Oe
(d), respectively. The lower panels display 100 repeated current-voltage sweeps with positive and negative currents. The upper panels show
statistical distributions of the superconducting critical currents /,;* and |/, ~|. (e) Half-wave rectification at 80 K for H,=+4.5 Oe and H,=—4.5
Oe (blue). When excited by a 0.22 mA square-wave current, the device exhibits a clear polarity reversal upon inversion of the magnetic field
direction. (f) Temperature dependence of nonreciprocity. The Josephson diode effect, quantified by the asymmetry in critical currents /™ #
|/~ 1, remains robust up to 86 K.

twist-angle-dependent diode behavior [26-29].
These works established the feasibility of high-
temperature superconducting diodes. However,
a persistent challenge within the field remains
the development of scalable fabrication platforms
that simultaneously enable high-temperature
operation while maintaining manufacturability at
scale.

The BSCCO lattice is intrinsically anisotropic
and naturally forms stacks of atomic-scale Joseph-
son junctions—so-called intrinsic Josephson junc-
tions (IJs, Fig. 1a) [32]. These junctions have long
been used in solid-state terahertz sources [33,34]
and detectors [35]. Yet their potential for nonre-
ciprocal superconducting transport has remained
largely unexplored, with one recent study even re-
porting no clear diode effects in IJJs, in contrast to
artificial vdW junctions [27]. This gap is striking
given their atomic thickness, inherent scalability,
and established role in cuprate electronics.

Here we demonstrate a high-temperature su-
perconducting diode based on intrinsic Josephson
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junctions in BSCCO. By introducing controlled
geometric asymmetry into stacks of intrinsic junc-
tions, we realize pronounced supercurrent non-
reciprocity persisting up to 86 K. The diode ef-
ficiency is systematically governed by the num-
ber of intrinsic junctions and reaches its max-
imum in the single-junction limit accessed via
surface intrinsic Josephson junctions. A micro-
scopic model based on the Lawrence-Doniach
formalism reveals that geometry-induced anhar-
monicity in the current-phase relation, strongly
amplified by the atomic-scale barriers of intrin-
sic junctions, underpins the observed diode ef-
fect. Leveraging the natural junction architecture
of BSCCO, we further demonstrate scalable ar-
rays containing hundreds of reproducible intrinsic
Josephson diodes. These results establish intrinsic
Josephson junctions as a robust, fabrication-ready
platform for high-temperature superconducting
diodes and open new avenues for nonrecipro-
cal superconducting electronics based on cuprate
materials.
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RESULT

High-temperature intrinsic Josephson
diode effect

The IJJ devices are created by leveraging the lay-
ered lattice structure of BSCCO crystals (Fig. 1a).
Each device consists of a BSCCO stack encap-
sulated between top and bottom superconduct-
ing electrodes, both of which are coated with
gold films (Fig. 1b). The stacked BSCCO IJJs are
patterned into a wedge geometry with an in-
clination angle of 23°. Detailed fabrication pro-
cedures are provided in Supplementary infor-
mation. The current-voltage characteristics mea-
sured at 80 K (Fig. 1c and d) show well-
separated superconducting critical currents, I.*
and I, measured under positive and negative
currents, respectively, confirming the realization
of a high-temperature superconducting diode.
The diode polarity can be reversed by altering
the direction of the applied out-of-plane mag-
netic field, H, (Fig. 1c and d). When driven by a
square-wave current excitation, the device steadily
switches between zero-resistance and normal-
resistance states (Fig. le). Our temperature-
dependent measurements reveal that the device
operates up to 86 K (Fig. 1f), representing the
highest operation temperature reported to date for
superconducting diodes.

Microscopic mechanism of intrinsic
Josephson diode effect

In general, the superconducting diode effect arises
from the simultaneously breaking of spatial-
inversion and time-reversal symmetries [36]. In
our intrinsic Josephson diode, spatial-inversion
symmetry is broken by the wedge-shaped de-
vice geometry (Fig. 1b). Time-reversal symmetry
is typically broken by applying a magnetic field
perpendicular to the current direction [37,38].
In IJJs, however, the Josephson supercurrent
flows along the out-of-plane (z-axis) direction of
the BSCCO crystal. One would therefore expect
an in-plane magnetic field—perpendicular to the
supercurrent—to induce the diode effect. Contrary
to this expectation, our field-orientation exper-
iments show unambiguously that only the out-
of-plane field component, parallel to the Joseph-
son supercurrent and not conventionally linked
to time-reversal symmetry breaking, governs the
diode effect, while in-plane fields have negligi-
ble influence (Fig. S1). Recent studies have like-
wise that time-reversal symmetry can be broken in
twist-angle vdW Josephson junctions under out-
of-plane magnetic fields [26-29]. The microscopic
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origin of these Josephson diode effects, and their
connection to symmetry breaking, nevertheless
remains unresolved.

To uncover the microscopic mechanism of
intrinsic Josephson diodes, we model the de-
vice using the Lawrence-Doniach formalism [39],
treating the interlayer Josephson current (out-of-
plane) and intralayer supercurrent (in-plane) si-
multaneously (Fig. 2a). In this description, the
supercurrent enters from one corner of the top
CuO, layer and exits from the opposite corner of
the bottom layer (Fig. 2a). We derived a modified,
self-consistent current-phase relation along each
current channel (Fig. S2a—c):

i:sin((b—z—he/ZdT—Ki). (1)

Here, iis a dimensionless current, 2—; S/ X . dT rep-
resents the phase shift induced by the out-of-plane
magnetic field, associated with time-reversal sym-
metry breaking [40]. k is a dimensionless coef-
ficient characterizing the anharmonicity for each
current channel [41], which describes the devia-
tion of the current-phase relation from a simple si-
nusoidal form (details can be found in Supplemen-
tary information). Figure 2b shows the calculated
superconducting diode effect, which is consistent
with the experimental observations in Fig. 1d.
We further analyzed the spatial distribution
of both the in-plane intralayer supercurrent and
the out-of-plane Josephson supercurrent (Fig. 2c).
The results reveal that the out-of-plane magnetic
field induces a nonreciprocal modulation of the in-
plane supercurrent in the top and bottom CuO,
layers, which in turn leads to a nonreciprocal dis-
tribution of the out-of-plane Josephson supercur-
rent, thereby breaking time-reversal symmetry.
Notably, finite values of the anharmonicity co-
efficient k are essential for the superconducting
diode effect (Fig. S2d). Our simulations indicate
that when « is zero, no diode effect occurs, even
in the presence of time-reversal symmetry break-
ing (Fig. S2e, f). In conventional Josephson tun-
nel junctions, the anharmonicity is typically very
weak [42], which results in negligible supercon-
ducting diode effects. In our modeling, the an-
harmonicity coefficient k scales approximately as
L*/d, where Lis the length of each current chan-
nel from input to output leads, d is the barrier
thickness of the [JJs, and & is the planar supercon-
ducting coherence length (see Supplementary in-
formation). Therefore, the anharmonicity « is in-
trinsically determined by the device geometry and
electrode configuration. The atomic-scale barrier
thickness in BSCCO (d—>0) leads to a significantly
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Figure 2. Mechanism and junction-number dependence of intrinsic Josephson diode effect. (a) Schematic of the theoretical model incor-
porating both in-plane supercurrents in CuO, bilayers and out-of-plane interlayer Josephson supercurrents. (b) Calculated current-voltage
characteristics. The critical currents exhibit strong asymmetry under the magnetic field. The magnetic field is normalized by ®/u0S, current
by J.. S, and the voltage spans from 0 (superconducting state) to &1 (resistive state). Here, ® is the magnetic flux guantum, w is the vac-
uum permeability, S is the junction area, and J; is the Josephson critical supercurrent density. (c) Spatial distributions of supercurrent den-
sity under an out-of-plane field, highlighting broken time-reversal symmetry. (d) Calculated diode efficiency as a function of junction number.
(e—g) Experimental diode efficiencies under magnetic fields, extracted from /. */|l,~| curves in Figs S1d, S4b, and d, respectively. The number
of junctions, labeled in each graph, is identified from the corresponding current-voltage characteristics in Figs S3b, S4a, and c.

enhanced «, thereby producing a prominent su-  stacked junctions. It clearly predicts a monotonic
perconducting diode effect in IJJs. decay of n with increasing junctions.

To experimentally validate this behavior, we
fabricated two more devices, which contain ap-
proximately 14 and 17 IJJs, respectively (the
corresponding current-voltage characteristics are
The current-voltage characteristics of our device  shown in Fig. S4). Figure 2e-g shows the field-
indicate that there are three intrinsic junctions dependent diode efﬁciency for all three devices
stacked in series [43] (Fig. S3). The theoretical  with different numbers of junctions. The results
model described above can be extended to an  clearly indicate that the diode efficiency is grad-
N-TJJ stack (inset of Fig. 2d). The current-phase  yally enhanced in devices with fewer junctions,
relationship for each current channel in the N-  in agreement with our theoretical predictions.
junction stacks becomes: These findings further highlight the critical role

of anharmonicity in enabling the superconducting

1 2 diode effect in IJJs.
i = sin | — ¢——"/Z-d7—m' (2)
i=sin| - - .

Surface junctions and amplified diode
effect

Junction number-dependent of the diode
effect

This equation shows that the anharmonicity
weakens as the junctions increase. In Fig. 2d,
we show the calculated superconducting diode  Asreducing the number of junctions increases su-
efficiency 7, defined as n = (I.T—|L."[)/(I.* + perconducting diode efficiency (Fig. 2d), the max-
[I.7]) x 100%, as a function of the number of imum efficiency is expected in the single-junction
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Figure 3. Surface intrinsic Josephson diode effect comprising a single-junction. (a) Schematic of the device structure. Superconductivity in
the topmost surface CuO, layer, directly contacted by the gold electrode, is slightly suppressed, resulting in a reduced critical current com-
pared to inner junctions. The lower illustration shows the device layout. BSCCO regions unprotected by gold film have degraded. The inset
displays an optical micrograph of the device. Scale bar: 30 um. (b) Forty repeated current-voltage sweeps, demonstrating a robust and repro-
ducible Josephson diode effect at 3 K. (c) Field-dependent critical currents and corresponding diode efficiency obtained in the low-field range.
(d) Memory effect under extended magnetic fields. Reversing the field sweep direction switches the diode polarity at zero field (dashed line).
(e) Current-voltage characteristics of superconducting diode effects at zero field. The diode polarity is programmed by initialization fields of
H,=+75 Oe (upper panel) and H,=—75 Qe (lower panel), respectively. (f) Superconducting rectification measured under an AC excitation of
1179 Hz and at zero field.

limit. Although this situation naturally occurs in
twist-angle vdW junctions [26-29], which effec-
tively behave as single-junction diodes, control-
lably fabricating single-junction devices remains a
considerable technical challenge. Fortunately, the
surface IJJ, formed between the two uppermost
CuO; bilayers of the BSCCO crystal (top panel of
Fig. 3a), provides a reliable route to access a sin-
gle IJJ [44-46]. We fabricated a wedge-shaped sur-
face IJJ device (bottom panel of Fig. 3a). The de-
tailed fabrication procedures are provided in Sup-
plementary information and Ref. [46].

As expected, the surface junction device ex-
hibits a more pronounced superconducting diode
effect (Fig. 3b). Unlike the multijunction devices,
which show a relatively wide distribution of I,
(Fig. S3d), the surface intrinsic Josephson diode
demonstrates excellent reliability, with sharp and
reproducible switching currents under repeated
operation (Fig. 3b). Notably, the diode efficiency
reaches values up to 40% (Fig. 3c), substan-
tially higher than those observed in multijunction
diodes (Fig. 2e-g).
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Our surface Josephson diodes display a unique
memory effect that enables nonvolatile switching
and reversal of the diode’s nonreciprocity. When
the magnetic field is swept in the low-field region
(Fig. 3c), the device exhibits an antisymmetric
diode response between positive and negative cur-
rent configurations, with no diode effect at zero
field—that is, .7 (H, = 0) = I.~ (H, = 0). Remark-
ably, after applying a larger magnetic field (|H,| >
60 Oe) to magnetize the device, a memory effect
emerges (Fig. 3d): the values of I.* and I.” near
zero field become sensitive to the device’s mag-
netization history. Consequently, the device dis-
plays a superconducting diode effect at zero field,
as shown in Fig. 3e, with polarity determined by
the direction of the initializing magnetic field. Im-
portantly, the zero-field diode efficiency remains
notable, with n(H, = 0) &~ 20%. Figure 3f demon-
strates rectification of an AC signal to a DC out-
put at zero field, demonstrating nonvolatile and
reversible functionality.

The zero-field superconducting diode (or
memory) effect most likely originates from
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Figure 4. Scalable integration of Josephson diode with surface junctions.
(a) Pseudocolored SEM image (left panel) of an array containing 201 serially con-
nected surface intrinsic Josephson diodes. Scale bar: 50 um. The right panelillus-
trates the schematic of the diode array configuration. Gold electrodes are shown
in yellow, while degraded BSCCO regions are depicted as blue and white stacks.
(b) Zero-field half-wave rectification. A square-wave current excitation, applied to
the diode highlighted in the dashed box in (a), produces rectified voltage outputs
at zero field for both negative and positive diode polarities.

trapped Abrikosov vortices in the BSCCO crystal,
which break time-reversal symmetry even in
the absence of an external field. The memory
can be erased by warming the device above its
superconducting transition temperature (Fig. S5),
consistent with the behavior of trapped flux.
These results highlight both the robustness and
the exceptional performance of surface intrinsic
Josephson diodes. Magnetic-field-induced vor-
tices and their distribution, which can be shaped
by sample geometry and defect distribution, are
expected to modify the local current distribution,
ultimately affecting the anharmonicity of the
current-phase relation. Therefore, engineering
these vortex pinning landscapes and geomet-
ric parameters presents a promising way for
optimizing diode performance in future designs.

By combining top-down fabrication with pre-
cise control of device size and geometry, we
demonstrate the feasibility of producing large
arrays of high-temperature intrinsic Josephson
diodes. As shown in Fig. 4a, we fabricated an
array of 201 serially connected surface intrinsic
Josephson diodes. Transport measurements reveal
highly consistent, reliable, and programmable su-
perconducting diode behavior at zero magnetic
field (Figs 4b and S6), validating both the scala-
bility and reproducibility of high-temperature in-
trinsic Josephson diodes for technological applica-
tions.

DISCUSSION AND CONCLUSION

In summary, we have established IJJs in BSCCO
as a robust platform for high-temperature su-
perconducting diodes. These devices combine
all the essential properties required for practi-
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cal applications: operation well above the liquid-
nitrogen threshold, large diode efficiencies, non-
volatile memory functionality, and scalability to
arrays containing hundreds of reproducible ele-
ments. Our combined experiments and modeling
reveal that geometry-induced anharmonicity in
the current-phase relation is central to the strong
diode effect, with reducing the number of stacked
junctions strongly enhances nonreciprocity. This
framework not only explains the absence of ob-
vious diode signals in bulk IJJs with many junc-
tions [27], but also provides a strategy for fu-
ture optimization through tailored geometries or
engineered vortex pinning landscapes, including
magnetic nanostructures [47] or nanoholes [48],
into the [JJ architecture for a more deterministic
and higher-performance Josephson diode. While
the interface quality required for high-coherence
quantum applications remains beyond the reach
of the present methodology [49], our platform is
nonetheless relevant for circuit-level functionali-
ties, such as nonreciprocal signal routing [50] and
rectification [3,4].

METHODS

The fabrication procedures of high-temperature
superconducting intrinsic Josephson junction de-
vice, surface intrinsic Josephson junction device,
transport measurements, and Lawrence-Doniach
simulation are shown in Supplementary data.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.

ACKNOWLEDGEMENTS

All the authors are grateful for key discussions from Xianjing
Zhou.

FUNDING

This work was supported by the National Key R&D Pro-
gram of China (2021YFA0718802, 2022YFA1403201 and
2024YFA1408100), the Innovation Program for Quantum Sci-
ence and Technology (2024ZD0301300), the National Nat-
ural Science Foundation of China (62288101, 62274086,
12274205, 62401647 and 62571230), Jiangsu Key Labora-
tory of Advanced Techniques for Manipulating Electro-
magnetic Waves, Natural Science Foundation of Jiangsu
Province (BK20240290), Frontier Technologies R&D Pro-
gram of Jiangsu (BF2024058), Jiangsu Outstanding Postdoc-
toral Program (2024ZB860), Research Foundation-Flanders
(FWO), EU-COST Action (CA21144 SUPEROUMAP) and
US Army Research Office (W911NF-24-1-0145).

920z 1snBny $z uo Jasn Ausianiun bBuilueN Aq 61 20698/58Z06BMU/Y | /S| /a101E/ISU/WO02 dNO"DILUSPEIE WOl PAPEROJUMO(]


https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag285#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag285#supplementary-data

Natl Sci Rev, 2026, Vol. 13, nwag285

AUTHOR CONTRIBUTIONS

Y.-L.W. and H.W. conceived and designed the study. Z.W.
fabricated the devices with the assistance of Z.S.,D.L.and Y. W.

Y.-Y.L. performed the transport measurements with the help
of ZW., T.L.,, P.Z.,, W.C.Y. and Z.W. Y.Q. and D.W. con-
tributed theoretical considerations and the model calculations.
L.R.C. and M.V.M. provided theoretical support and discus-
sion. Y.-Y.L., Z.W. and D.W. collected the data and wrote
the original draft. Y.-L.W. reviewed and edited the manuscript
with input from all coauthors. Y.L.W., H-W. and P.W¥. super-
vised the study.

Conflict of interest statement. None declared.

REFERENCES

1

. Nadeem M, Fuhrer MS, Wang X. The superconducting diode

effect. Nat Rev Phys 2023; 5: 558-77.

. Jiang K and Hu J. Superconducting diode effects. Nat Phys

2022;18:1145-6.

. Ingla-Aynés J, Hou Y, Wang S et al. Efficient superconduct-

ing diodes and rectifiers for quantum circuitry. Nat Electron
2025; 8:411-6.

. Castellani M, Medeiros O, Buzzi A et al. A supercon-

ducting full-wave bridge rectifier. Nat Electron 2025; 8:
417-25.

. Ando F, Miyasaka Y, Li T et al. Observation of superconduct-

ing diode effect. Nature 2020; 584: 373-6.

. Narita H, Ishizuka J, Kawarazaki R et al. Field-free super-

conducting diode effect in noncentrosymmetric supercon-
ductor/ferromagnet multilayers. Nat Nanotechnol 2022; 17:
823-8.

. Wan Z,Qiu G, Ren Het al. Unconventional superconductivity

in chiral molecule-TaS, hybrid superlattices. Nature 2024,
632: 69-74.

. LeT,PanZ XuZetal Superconducting diode effect and in-

terference patterns in kagome CsV3Sbs. Nature 2024; 630:
64-9.

. Lin J-X, Siriviboon P, Scammell HD et al. Zero-field su-

perconducting diode effect in small-twist-angle trilayer
graphene. Nat Phys 2022; 18: 1221-7.

. Bauried! L, Bduml C, Fuchs L et al. Supercurrent diode ef-

fect and magnetochiral anisotropy in few-layer NbSe,. Nat
Commun 2022; 13: 4266.

. Gutfreund A, Matsuki H, Plastovets V et al. Direct observa-

tion of a superconducting vortex diode. Nat Commun 2023;
14:1630.

. Hou Y, Nichele F, Chi H et al. Ubiquitous superconducting

diode effect in superconductor thin films. Phys Rev Lett
2023;131: 027001.

. Li J, Zhang Z, Wang S et al. Field-Free superconducting

diode enabled by geometric asymmetry and perpendicular
magnetization. Adv Mater 2025; 38: e11414.

. Baumgartner C, Fuchs L, Costa A et al. Supercurrent rectifi-

cation and magnetochiral effects in symmetric Josephson
junctions. Nat Nanotechnol 2022; 17: 39-44.

Page 7 of 8

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Anh LD, Ishihara K, Hotta T et al. Large superconduct-

ing diode effect in ion-beam patterned Sn-based supercon-
ductor nanowire/topological Dirac semimetal planar het-
erostructures. Nat Commun 2024; 15: 8014.

. Sundaresh A, Vayrynen JI, Lyanda-Geller Y et al. Dia-

magnetic mechanism of critical current non-reciprocity
in multilayered superconductors. Nat Commun 2023; 14:
1628.

. Trahms M, Melischek L, Steiner JF et al. Diode effect in

Josephson junctions with a single magnetic atom. Nature
2023;615: 628-33.

. Wu H, Wang Y, Xu Y et al. The field-free Josephson diode

in a van der Waals heterostructure. Nature 2022; 604:
653-6.

. Diez-Mérida J, Diez-Carlén A, Yang SY et al. Symmetry-

broken Josephson junctions and superconducting diodes in
magic-angle twisted bilayer graphene. Nat Commun 2023;
14:2396.

Hu J-X, Sun Z-T, Xie Y-M et al. Josephson diode effect in-
duced by valley polarization in twisted bilayer graphene.
Phys Rev Lett 2023; 130: 266003.

LiY,Yan D, Hong Y et al. Interfering Josephson diode effect
in Ta,PdsTes asymmetric edge interferometer. Nat Com-
mun 2024; 15:9031.

Valentini M, Sagi O, Baghumyan L et al. Parity-conserving
Cooper-pair transport and ideal superconducting diode in
planar germanium. Nat Commun 2024; 15: 169.

Reinhardt S, Ascherl T, Costa A et al. Link between super-
current diode and anomalous Josephson effect revealed
by gate-controlled interferometry. Nat Commun 2024; 15:
4413.

Gupta M, Graziano GV, Pendharkar M et al. Gate-tunable su-
perconducting diode effect in a three-terminal Josephson
device. Nat Commun 2023; 14: 3078.

Matsuo S, Imoto T, Yokoyama T et al. Josephson diode ef-
fect derived from short-range coherent coupling. Nat Phys
2023;19: 1636-41.

Zhao SYF, Cui X, Volkov PA et al. Time-reversal symmetry
breaking superconductivity between twisted cuprate super-
conductors. Science 2023; 382: 1422-7.

Ghosh S, Patil V, Basu A et al. High-temperature Josephson
diode. Nat Mater 2024; 23: 612-8.

Zhu'Y, Wang H, Wang Z et al. Persistent Josephson tunnel-
ing between Bi, SroCaCu,0g., flakes twisted by 45° across
the superconducting dome. Phys Rev B 2023; 108: 174508.
Wang H, Zhu'Y, Bai Z et al. Quantum superconducting diode
effect with perfect efficiency above liquid-nitrogen temper-
ature. Nat Phys 2026; 22: 47-53.

Qi S, Ge J, Ji C et al. High-temperature field-free supercon-
ducting diode effect in high-T, cuprates. Nat Commun 2025;
16: 531.

Confalone T, Sardo FL, Lee Y et al. Cuprate twistronics for
quantum hardware. Adv Quantum Tech 2025; 8: 2500203.
Kleiner R, Steinmeyer F, Kunkel G et al. Intrinsic Joseph-
son effects in Bi,SrpCaCu,Og single crystals. Phys Rev Lett
1992; 68: 2394-7.

920z 1snBny $z uo Jasn Ausianiun bBuilueN Aq 61 20698/58Z06BMU/Y | /S| /a101E/ISU/WO02 dNO"DILUSPEIE WOl PAPEROJUMO(]


http://dx.doi.org/10.1038/s42254-023-00632-w
http://dx.doi.org/10.1038/s41567-022-01701-0
http://dx.doi.org/10.1038/s41928-025-01375-5
http://dx.doi.org/10.1038/s41928-025-01376-4
http://dx.doi.org/10.1038/s41586-020-2590-4
http://dx.doi.org/10.1038/s41565-022-01159-4
http://dx.doi.org/10.1038/s41586-024-07625-4
http://dx.doi.org/10.1038/s41586-024-07431-y
http://dx.doi.org/10.1038/s41567-022-01700-1
http://dx.doi.org/10.1038/s41467-022-31954-5
http://dx.doi.org/10.1038/s41467-023-37294-2
http://dx.doi.org/10.1103/PhysRevLett.131.027001
http://dx.doi.org/10.1002/adma.202511414
http://dx.doi.org/10.1038/s41565-021-01009-9
http://dx.doi.org/10.1038/s41467-024-52080-4
http://dx.doi.org/10.1038/s41467-023-36786-5
http://dx.doi.org/10.1038/s41586-023-05743-z
http://dx.doi.org/10.1038/s41586-022-04504-8
http://dx.doi.org/10.1038/s41467-023-38005-7
http://dx.doi.org/10.1103/PhysRevLett.130.266003
http://dx.doi.org/10.1038/s41467-024-53383-2
http://dx.doi.org/10.1038/s41467-023-44114-0
http://dx.doi.org/10.1038/s41467-024-48741-z
http://dx.doi.org/10.1038/s41467-023-38856-0
http://dx.doi.org/10.1038/s41567-023-02144-x
http://dx.doi.org/10.1126/science.abl8371
http://dx.doi.org/10.1038/s41563-024-01804-4
http://dx.doi.org/10.1103/PhysRevB.108.174508
http://dx.doi.org/10.1038/s41567-025-03098-y
http://dx.doi.org/10.1038/s41467-025-55880-4
http://dx.doi.org/10.1002/qute.202500203
http://dx.doi.org/10.1103/PhysRevLett.68.2394

Natl Sci Rev, 2026, Vol. 13, nwag285

33. Ozyuzer L, Koshelev AE, Kueter C et al. Emission of coherent THz radiation ~ 43. Wang HB, Wu PH, Yamashita T. Stacks of intrinsic Josephson junctions
from superconductors. Science 2007; 318: 1291-3. singled out from inside Bi,Sr,CaCu,0g., single crystals. Appl Phys Lett
34. Welp U, Kadowaki K, Kleiner R. Superconducting emitters of THz radiation. 2001;78: 4010-2.
Nat Photon 2013; 7: 702-10. 44. Kim N, Doh Y-J, Chang H-S et al. Suppressed superconductivity of the sur-
35. Wang HB, Wu PH, Yamashita T. Terahertz responses of intrinsic Joseph- face conduction layer in BiySroCaCu, Og ,  single crystals probed by c-axis
son junctions in high-T, superconductors. Phys Rev Lett 2001; 87:107002. tunneling measurements. Phys Rev B 1999; 59: 14639-43.
36. Daido A, lkeda Y, Yanase Y. Intrinsic superconducting diode effect. Phys ~ 45. Zhao SP, Zhu XB, Wei YF et al. Bi, Sr,CaCu,0g, intrinsic Josephson junc-
Rev Lett 2022;128: 037001, tions: surface layer characterization and control. Phys Rev B 2005; 72:
37. Jeon K-R, Kim J-K, Yoon J et al. Zero-field polarity-reversible Josephson 184511.
supercurrent diodes enabled by a proximity-magnetized Pt barrier. Nat ~ 46. Wei Z, Du H, Li D et al. Tailoring Bi;Sr,CaCu;0g, 5 surface Josephson
Mater 2022;21: 1008-13. junctions. Appl Phys Lett 2023; 122: 112601.
38. Lyu Y-Y, Jiang J, Wang Y-L et al. Superconducting diode effect via  47. Jiang J, MiloSevi¢ MV, Wang Y-L et al. Field-free superconducting diode in
conformal-mapped nanoholes. Nat Commun 2021; 12: 2703. a magnetically nanostructured superconductor. Phys Rev Appl 2022; 18:
39. Friedmann TA, Rice JP, Giapintzakis J et al. In-plane paraconductivity in 034064.
a single-crystal of superconducting YBa,Cu307.. Phys Rev B 1989;39:  48. Golod T and Krasnov VM. Demonstration of a superconducting diode-
4258-66. with-memory, operational at zero magnetic field with switchable nonre-
40. Golubov AA, Kupriyanov MY, Il'ichev E. The current-phase relation in ciprocity. Nat Commun 2022; 13: 3658.
Josephson junctions. Rev Mod Phys 2004; 76: 411-69. 49. Brosco V, Serpico G, Vinokur V et al. Superconducting qubit based on
41. Nagaosa N and Yanase Y. Nonreciprocal transport and optical phenom- twisted cuprate van der Waals heterostructures. Phys Rev Lett 2024; 132:
ena in quantum materials. Annu Rev Condens Matter Phys 2024; 15: 63— 017003.
83. 50. Dirnegger N, Narang P, Arora A. Nonreciprocal quantum information pro-
42. Ambegaokar V and Baratoff A. Tunneling between superconductors. Phys cessing with superconducting diodes in circuit quantum electrodynamics

Rev Lett 1963; 10: 486-9.

[preprint]. arXiv: 2511.20758.

920z 1snBny $z uo Jasn Ausianiun bBuilueN Aq 61 20698/58Z06BMU/Y | /S| /a101E/ISU/WO02 dNO"DILUSPEIE WOl PAPEROJUMO(]

© The Author(s) 2026. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided
the original work is properly cited.

Page 8 of 8


http://dx.doi.org/10.1126/science.1149802
http://dx.doi.org/10.1038/nphoton.2013.216
http://dx.doi.org/10.1103/PhysRevLett.87.107002
http://dx.doi.org/10.1103/PhysRevLett.128.037001
http://dx.doi.org/10.1038/s41563-022-01300-7
http://dx.doi.org/10.1038/s41467-021-23077-0
http://dx.doi.org/10.1103/PhysRevB.39.4258
http://dx.doi.org/10.1103/RevModPhys.76.411
http://dx.doi.org/10.1146/annurev-conmatphys-032822-033734
http://dx.doi.org/10.1103/PhysRevLett.10.486
http://dx.doi.org/10.1063/1.1379065
http://dx.doi.org/10.1103/PhysRevB.59.14639
http://dx.doi.org/10.1103/PhysRevB.72.184511
http://dx.doi.org/10.1063/5.0143266
http://dx.doi.org/10.1103/PhysRevApplied.18.034064
http://dx.doi.org/10.1038/s41467-022-31256-w
http://dx.doi.org/10.1103/PhysRevLett.132.017003
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	RESULT
	High-temperature intrinsic Josephson diode effect
	Microscopic mechanism of intrinsic Josephson diode effect
	Junction number-dependent of the diode effect
	Surface junctions and amplified diode effect

	DISCUSSION AND CONCLUSION
	METHODS
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	AUTHOR CONTRIBUTIONS
	REFERENCES

