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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 Bi2 Sr2 CaCu2 O8 + δ 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 
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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 ( Tc ) superconduc- 
tors, thereby constraining their operating range. 
Pushing the diode effects into high- Tc systems 
is crucial for reducing cooling demands and 
advancing practical integration. The cuprate su- 
perconductor Bi2 Sr2 CaCu2 O8 + δ (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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NTRODUCTION 

onreciprocal charge transport—the ability to
referentially conduct electrical current in one
irection—is central to modern electronics, en-
bling essential components such as rectifiers,
oltage regulators, and photodetectors. Extending
his concept into superconductors promises dis-
ipationless counterparts of these devices, offer-
ng a pathway for ultra-low-power information
echnologies [1 –4 ]. The superconducting diode
ffect, wherein supercurrent exhibits directional
symmetry, has now been realized in a variety
f systems, including superlattices [5 –7 ], two-
imensional materials [8 –10 ] and microbridges
11 –13 ]. Among these platforms, the Josephson
unction, formed by sandwiching a thin nonsuper-
onducting barrier between two superconductors,

as emerged as a versatile unit capable of sup- 
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Figure 1. High-temperature intrinsic Josephson diode effect. (a) Crystal structure of BSCCO, composed of alternating superconducting CuO2 
bilayers (SC layer) and insulating SrO-BiO barriers, which naturally form IJJs. (b) Optical image and schematic diagram of the intrinsic Joseph- 
son diode. Scale bar: 30 μm. (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 Ic + and | Ic −|. (e) Half-wave rectification at 80 K for Hz =+ 4.5 Oe and Hz = −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 Ic + � = 

| Ic −|, remains robust up to 86 K. 
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wist-angle-dependent diode behavior [26 –29 ].
hese works established the feasibility of high-
emperature superconducting diodes. However,
 persistent challenge within the field remains
he development of scalable fabrication platforms
hat simultaneously enable high-temperature
peration while maintaining manufacturability at
cale. 

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

Here we demonstrate a high-temperature su-
erconducting diode based on intrinsic Josephson
Page 2 of 8
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. 



Natl Sci Rev, 2026, Vol. 13, nwag285

R
H
d
T  

e  

E  

s  

i  

g  

p  

c  

c  

m  

s  

s
a  

c  

o  

T  

t  

n  

s  

s  

r  

d  

o  

h  

s

M
J
I  

f  

i  

o  

s  

v  

i  

p  

I  

f  

t  

a  

s  

t  

i  

o  

s  

t  

d  

b  

w  

t  

o  

 

 

 

D
ow

nloaded from
 academ

ic.oup.com
/nsr/article/13/14/nw

ag285/8690719 by N
anjing U

niversity user on 24 August 2026
ESULT 

igh-temperature intrinsic Josephson 

iode effect 
he IJJ devices are created by leveraging the lay-
red lattice structure of BSCCO crystals (Fig. 1 a).
ach device consists of a BSCCO stack encap-
ulated between top and bottom superconduct-
ng electrodes, both of which are coated with
old films (Fig. 1 b). The stacked BSCCO IJJs are
atterned into a wedge geometry with an in-
lination angle of 23°. Detailed fabrication pro-
edures are provided in Supplementary infor-
ation. The current-voltage characteristics mea-

ured at 80 K (Fig. 1 c and d) show well-
eparated superconducting critical currents, Ic + 

nd Ic −, measured under positive and negative
urrents, respectively, confirming the realization
f a high-temperature superconducting diode.
he diode polarity can be reversed by altering
he direction of the applied out-of-plane mag-
etic field, Hz (Fig. 1 c and d). When driven by a
quare-wave current excitation, the device steadily
witches between zero-resistance and normal-
esistance states (Fig. 1 e). Our temperature-
ependent measurements reveal that the device
perates up to 86 K (Fig. 1 f), representing the
ighest operation temperature reported to date for
uperconducting diodes. 

icroscopic mechanism of intrinsic 
osephson diode effect 
n general, the superconducting diode effect arises
rom the simultaneously breaking of spatial-
nversion and time-reversal symmetries [36 ]. In
ur intrinsic Josephson diode, spatial-inversion
ymmetry is broken by the wedge-shaped de-
ice geometry (Fig. 1 b). Time-reversal symmetry
s typically broken by applying a magnetic field
erpendicular to the current direction [37 ,38 ].
n IJJs, however, the Josephson supercurrent
lows along the out-of-plane ( z -axis) direction of
he BSCCO crystal. One would therefore expect
n in-plane magnetic field—perpendicular to the
upercurrent—to induce the diode effect. Contrary
o this expectation, our field-orientation exper-
ments show unambiguously that only the out-
f-plane field component, parallel to the Joseph-
on supercurrent and not conventionally linked
o time-reversal symmetry breaking, governs the
iode effect, while in-plane fields have negligi-
le influence ( Fig. S1). Recent studies have like-
ise that time-reversal symmetry can be broken in

wist-angle vdW Josephson junctions under out-
f-plane magnetic fields [26 –29 ]. The microscopic
Page 3 of 8
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. 2 a). In this description, the 
supercurrent enters from one corner of the top 
CuO2 layer and exits from the opposite corner of 
the bottom layer (Fig. 2 a). We derived a modified,
self-consistent current-phase relation along each 

current channel ( Fig. S2a–c): 

i = sin (φ − 2e 
� 

∫ → 

A 

· d→ 

l − κ i) . (1) 

Here, i is a dimensionless current, 2e 
� 

∫ 

→ 

A 

· d→ 

l rep- 
resents the phase shift induced by the out-of-plane 
magnetic field, associated with time-reversal sym- 
metry breaking [40 ]. κ 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 2 b shows the calculated 
superconducting diode effect, which is consistent 
with the experimental observations in Fig. 1 d. 

We further analyzed the spatial distribution 

of both the in-plane intralayer supercurrent and 
the out-of-plane Josephson supercurrent (Fig. 2 c). 
The results reveal that the out-of-plane magnetic 
field induces a nonreciprocal modulation of the in- 
plane supercurrent in the top and bottom CuO2 
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 κ are essential for the superconducting 
diode effect ( Fig. S2d). Our simulations indicate 
that when κ 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 κ scales approximately as 
L2 / d ξ , where L is the length of each current chan-
nel from input to output leads, d is the barrier
thickness of the IJJs, and ξ is the planar supercon- 
ducting coherence length (see Supplementary in- 
formation). Therefore, the anharmonicity κ is in- 
trinsically determined by the device geometry and 
electrode configuration. The atomic-scale barrier 
thickness in BSCCO ( d→ 0) leads to a significantly 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag285#supplementary-data
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nhanced κ , thereby producing a prominent su-
erconducting diode effect in IJJs. 

unction number-dependent of the diode 

ffect 
he current-voltage characteristics of our device

ndicate that there are three intrinsic junctions
tacked in series [43 ] ( Fig. S3). The theoretical
odel described above can be extended to an
 -IJJ stack (inset of Fig. 2 d). The current-phase
elationship for each current channel in the N -
unction stacks becomes: 

i = sin 

[
1 
N 

(
φ − 2e 

� 

∫ → 

A 

· d→ 

l −κ i 
)]

. (2)

This equation shows that the anharmonicity
eakens as the junctions increase. In Fig. 2 d,
e show the calculated superconducting diode
fficiency η, defined as η = ( Ic + —| Ic −|)/( Ic + +
 Ic −|) × 100%, as a function of the number of
Page 4 of 8
stacked junctions. It clearly predicts a monotonic 
decay of η 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 
shown in Fig. S4). Figure 2 e–g shows the field- 
dependent diode efficiency for all three devices 
with different numbers of junctions. The results 
clearly indicate that the diode efficiency is grad- 
ually enhanced in devices with fewer junctions, 
in agreement with our theoretical predictions. 
These findings further highlight the critical role 
of anharmonicity in enabling the superconducting 
diode effect in IJJs. 

Surface junctions and amplified diode 

effect 
As reducing the number of junctions increases su- 
perconducting diode efficiency (Fig. 2 d), the max- 
imum efficiency is expected in the single-junction 

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
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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
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imit. Although this situation naturally occurs in
wist-angle vdW junctions [26 –29 ], which effec-
ively behave as single-junction diodes, control-
ably fabricating single-junction devices remains a
onsiderable technical challenge. Fortunately, the
urface IJJ, formed between the two uppermost
uO2 bilayers of the BSCCO crystal (top panel of
ig. 3 a), provides a reliable route to access a sin-
le IJJ [44 –46 ]. We fabricated a wedge-shaped sur-
ace IJJ device (bottom panel of Fig. 3 a). The de-
ailed fabrication procedures are provided in Sup-
lementary information and Ref. [46 ]. 
As expected, the surface junction device ex-

ibits a more pronounced superconducting diode
ffect (Fig. 3 b). Unlike the multijunction devices,
hich show a relatively wide distribution of Ic 

 Fig. S3d), the surface intrinsic Josephson diode
emonstrates excellent reliability, with sharp and
eproducible switching currents under repeated
peration (Fig. 3 b). Notably, the diode efficiency
eaches values up to 40% (Fig. 3 c), substan-
ially higher than those observed in multijunction
iodes (Fig. 2 e–g). 
Page 5 of 8
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. 3 c), the device exhibits an antisymmetric 
diode response between positive and negative cur- 
rent configurations, with no diode effect at zero 
field—that is, Ic + ( Hz = 0) = Ic −( Hz = 0). Remark-
ably, after applying a larger magnetic field (| Hz | >
60 Oe) to magnetize the device, a memory effect 
emerges (Fig. 3 d): the values of Ic + and Ic − 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. 3 e, with polarity determined by
the direction of the initializing magnetic field. Im- 
portantly, the zero-field diode efficiency remains 
notable, with η( Hz = 0) ≈ 20%. Figure 3 f 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 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag285#supplementary-data
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rapped Abrikosov vortices in the BSCCO crystal,
hich break time-reversal symmetry even in

he absence of an external field. The memory
an be erased by warming the device above its
uperconducting transition temperature ( Fig. S5),
onsistent with the behavior of trapped flux.
hese results highlight both the robustness and
he exceptional performance of surface intrinsic
osephson diodes. Magnetic-field-induced vor-
ices and their distribution, which can be shaped
y sample geometry and defect distribution, are
xpected to modify the local current distribution,
ltimately affecting the anharmonicity of the
urrent-phase relation. Therefore, engineering
hese vortex pinning landscapes and geomet-
ic parameters presents a promising way for
ptimizing diode performance in future designs. 
By combining top-down fabrication with pre-

ise control of device size and geometry, we
emonstrate the feasibility of producing large
rrays of high-temperature intrinsic Josephson
iodes. As shown in Fig. 4 a, we fabricated an
rray of 201 serially connected surface intrinsic
osephson diodes. Transport measurements reveal
ighly consistent, reliable, and programmable su-
erconducting diode behavior at zero magnetic
ield (Figs 4 b and S6), validating both the scala-
ility and reproducibility of high-temperature in-
rinsic Josephson diodes for technological applica-
ions. 

ISCUSSION AND CONCLUSION 

n summary, we have established IJJs in BSCCO
s a robust platform for high-temperature su-
erconducting diodes. These devices combine
ll the essential properties required for practi-
Page 6 of 8
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 IJJ 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. 
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