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Abstract
Superconducting diodes, which exhibit nonreciprocal critical currents, are promising building
blocks for low-power cryogenic electronics and superconducting circuits. Existing supercon-
ducting diode platforms commonly rely on Josephson junctions, multilayer heterostructures,
ferromagnetic elements, gate-defined structures. Here, we demonstrate a geometrically induced
superconducting diode effect realized in a structurally minimal, single-materials NbN nanoring,
where inversion-symmetry breaking is introduced solely by the asymmetric geometry. The device
exhibits pronounced and polarity-switchable critical-current nonreciprocity. Systematic magnetic-
field and temperature-dependent measurements reveal that, at low fields, the applied magnetic
field redistributes the critical current asymmetrically between opposite bias directions without sig-
nificantly reducing the overall superconducting current-carrying capability. Moreover, the max-
imal nonreciprocity and diode efficiency exhibit distinct temperature dependence: the maximal
diode efficiency follows the evolution of the energy gap, whereas the maximal nonreciprocity is
more closely associated with the superfluid density. These results establish asymmetric supercon-
ducting nanorings as a minimal geometric platform for studying nonreciprocal superconducting
transport and provide a simple design principle for future superconducting electronics.

1. Introduction

The superconducting diode effect—nonreciprocal superconducting transport without energy
dissipation—has emerged as a key enabling mechanism for next-generation superconducting electronics,
low-power cryogenic logic, and quantum information hardware. Fundamentally, achieving a diode effect
requires the simultaneous breaking of time-reversal symmetry and spatial inversion symmetry, resulting
in asymmetric critical currents for positive and negative bias directions [1–15]. Time-reversal symme-
try is typically broken by applying an external magnetic field [7–11, 15–18], incorporating ferromagnetic
layers or magnets [5–7, 19–21], or adopting materials with intrinsically time-reversal-symmetry-breaking
superconducting states [2, 22]. Spatial inversion symmetry is broken geometrically—through asymmet-
ric structures [8–10, 19, 21], gate-controlled potentials [23–27], magnetic nanostructures [7, 28, 29],
or engineered defects [4, 30]. The coexistence of these two symmetry-breaking mechanisms results in
direction-dependent superconducting trajectories and unequal critical currents Ic+ and Ic−, producing
diode behavior [31]. Despite rapid progress, many superconducting diode architectures rely on complex
multilayers [9, 32–34], hybrid materials [19, 20], or Josephson junctions [1, 17, 18, 35–37]. Such com-
plexity increases fabrication difficulty and limits scalability, often imposing constraints in reproducibility
and circuit-level integration. Therefore, it remains important to establish a simpler geometric route in

© 2026 IOP Publishing Ltd. All rights, including for text and data mining, AI training, and similar technologies, are reserved.

https://doi.org/10.1088/1361-6668/ae90f1
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6668/ae90f1&domain=pdf&date_stamp=2026-8-7
https://orcid.org/0009-0000-0989-9380
https://orcid.org/0009-0005-8626-1029
https://orcid.org/0000-0003-0082-4491
https://orcid.org/0000-0001-8357-6221
https://orcid.org/0000-0001-8601-8583
https://orcid.org/0000-0002-4876-0370
https://orcid.org/0000-0003-1617-7209
https://orcid.org/0000-0003-4802-6077
mailto:wenchengyue@nju.edu.cn
mailto:yylyu@nju.edu.cn
mailto:chongli@njust.edu.cn
mailto:yongleiwang@nju.edu.cn
https://doi.org/10.1088/1361-6668/ae90f1


Supercond. Sci. Technol. 39 (2026) 085013 T Li et al

which superconducting diode behavior is generated directly by the shape of a single superconducting
nanostructure.

Here, we demonstrate a structurally minimal superconducting diode formed by an asymmetric NbN
nanoring. Distinct from previous superconducting diode platforms based on Josephson junctions, mul-
tilayers, hybrid structures, ferromagnetic elements, gate-controlled potentials, our device uses only the
asymmetric annular geometry of a single-material NbN nanowire to break spatial inversion symmetry.
The device features a compact nanoscale geometry that inherently breaks spatial inversion symmetry and
supports pronounced critical-current nonreciprocity. Despite its minimal structure, the diode exhibits
strong rectification and clear superconducting-normal switching behavior, highlighting the effectiveness
of geometric design in enabling diode functionality without requiring complex material stacks or engi-
neered magnetic components. These results establish curvature-induced edge asymmetry as a minimal
geometric design principle for realizing nonreciprocal superconducting transport in a single-material
superconductor.

2. Results and discussion

Our superconducting diode device of an asymmetric superconducting nanoring (figure 1(a)) was fab-
ricated using a single-layer niobium nitride (NbN) thin film with a thinness of 10 nm. The nanoring
has an inner diameter of 600 nm and a linewidth of approximately 118 nm. Transport experiments were
conducted employing a standard four-probe method, with the magnetic field applied perpendicular to
the sample plane. The fabrication and measurement details are described in the Methods section, with
additional process parameters provided in the Supporting Information. The device exhibits a supercon-
ducting transition temperature of Tc = 8.6 K (inset of figure 1(b)).

Current–voltage characteristics were first measured under zero external magnetic field, where the I–
V curves remain fully symmetric with equal positive and negative critical currents (figure 1(b)). This
demonstrates that geometric asymmetry alone does not generate a measurable diode effect under zero
field. When an out-of-plane magnetic field B is applied, the device exhibits pronounced critical-current
nonreciprocity (figure 1(c)). For example, at B=+760 G (figure 1(c)), the extracted critical currents
under reversed currents are Ic+ = 117µ A and Ic− =−210µ A, giving rise to a non-reciprocal component
∆Ic = 93µ A. When a current I in the range of |Ic+|< I< |Ic−| is applied, the device switches to the
normal-resistance state in the positive current direction while remaining in the superconducting state
(complete zero-resistance state) in the negative direction. This leads to a one-way supercurrent transport,
demonstrating a superconducting diode effect. Reversing the magnetic field reverses the polarity of the
nonreciprocity (figure 1(d)), confirming a magnetic-field-switchable diode behavior.

Edge-controlled vortex motion and flux-flow instability have been quantitatively studied in narrow
superconducting structures, for example in direct-write Nb–C superconductors, where a stable flux-
flow response enables analysis of ultrafast vortex motion [38]. In the present NbN nanoring, however,
the enlarged I–V curve shown in figure S1 does not reveal a clearly resolved intermediate flux-flow
branch. Instead, the device switches abruptly from the superconducting state to the normal-resistance
state. Therefore, a direct quantitative flux-flow analysis, such as extracting vortex velocity from a con-
tinuous flux-flow voltage, is not applicable here. Nevertheless, vortex entry and edge-barrier effects
may still contribute to the switching instability. To evaluate whether magnetic flux can penetrate the
nanoring, we estimated the characteristic field Bs for stable vortex entry in the 118 nm-wide nanowire
using [39]:

Bs =
2ϕ 0

πW2 ln
[

αW
ξ (T)

]
(1)

where W = 118 nm, α = 0.1043, and ξ(2 K) ≈4.5 nm, yielding Bs ≈951 G. This confirms that, in
the field range applied in our experiments (up to 2 kG), magnetic flux quanta can indeed enter the
nanoring. The absence of observable flux-flow resistance in the region 0 < I < Ic is therefore not due
to insufficient flux entry; rather, it may be attributed to the narrow nanowire width, which creates
a strong edge barrier. This results in a large vortex depinning current: once vortices begin to move
under higher driving current, the associated Joule heating rapidly drives the entire nanowire into the
normal-resistance state before a clear flux-flow regime can develop. The above results suggests that
the observed nonreciprocal critical currents likely arise from an interplay among curvature-induced
current crowding, Meissner screening, asymmetric vortex-entry barriers, and abrupt superconducting
switching.
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Figure 1. Superconducting diode effect in an NbN nanoring. (a) SEM image of the nanoring superconducting diode device.
(b) I–V characteristics measured at zero magnetic field. The curve exhibits symmetric behavior with negligible nonreciprocity.
Inset: Temperature-dependent resistance of the superconducting nanoring, showing a critical temperature Tc = 8.6 K. (c) I–V
characteristics measured at T = 2 K under the magnetic fields of+760 G (red) and−760 G (blue), revealing a significant and
switchable nonreciprocitiy in critical currents. (d) I–V characteristics of a symmetric device measured as a reference. Inset: SEM
image of the symmetric device. Scale bar= 500 nm.

To explicitly demonstrate the essential role of the engineered geometric asymmetry, we have now
fabricated a control device with a symmetric nanowire. As shown in figure 1(d), at B = 400 G, the I–
V characteristics of this symmetric device show only negligible nonreciprocity in the critical currents.

In addition to the nonreciprocal critical currents, we also examined the retrapping current
Ir extracted during the normal-to-superconducting transition when sweeping down the current
(figures 1(b)–(d)). Unlike the critical current, the retrapping current Ir = 20 µA remains essentially iden-
tical for both current polarities, showing no nonreciprocity and being insensitive to the applied magnetic
field (figure 2(a)). To rule out the possibility that the film behaves as a disorder-induced Josephson-
junction array, which can occur in granular films with nanometer thickness, we estimated the critical
current density from our devices. The extracted value, Jc ≈1.7 × 1011 A m−2, is consistent with that
reported for high-quality, uniform NbN films [40] and is far higher than the typical Jc values of granu-
lar NbN films or Josephson-junction arrays (on the order of 107 A m−2) [41]. The observed hysteresis is
therefore unlikely to originate from such granular behavior.

The observed hysteretic behavior is consistent with a thermally dominated retrapping process [40].
The perfect symmetry of Ic+ and Ic− at zero applied field (figure 2(a)) confirms that remanent mag-
netic fields from the superconducting magnet are negligible and do not affect the observed field-
independent retrapping current. While the critical current is determined by the onset of superconduc-
tivity breakdown—strongly influenced by geometric current distribution, vortex entry, and symme-
try breaking—the retrapping current is likely governed by thermal dynamics in the resistive state [42].
After the device switches to the normal state, Joule heating raises the local electron temperature, and the
return to the superconducting state occurs only after the device cools sufficiently below the equilibrium
Tc . The minimal Joule heating (P= I2rRn≈0.52 µW, given the normal state resistance Rn≈1.3 kΩ) that
holds the nanoring at a local temperature above Tc determines the retrapping current Ir. Consequently,
Ir is primarily set by thermal relaxation and heat diffusion processes within the NbN film and the sub-
strate, which are largely independent of magnetic field and insensitive to geometric asymmetry. This
explains why Ir in a superconducting diode remains reciprocal and nearly field-independent, even

3



Supercond. Sci. Technol. 39 (2026) 085013 T Li et al

Figure 2.Magnetic field dependence of nonreciprocity. (a) Magnetic-field dependence of the critical current (Ic) and retrapping
current (Ir) measured for opposite current directions at T= 2 K. The gray dots represent the average of the positive and negative
critical current magnitudes. (b) Nonreciprocal critical current (∆Ic) and diode efficiency (η) as a function of the magnetic field.

though the critical current exhibits strong nonreciprocity. The coexistence of nonreciprocal Ic and recip-
rocal Ir is therefore consistent with a thermally dominated retrapping mechanism that is decoupled from
the symmetry-breaking processes responsible for the diode effect.

To investigate the magnetic-field dependence of the diode effect, we performed systematic transport
measurements at T= 2 K while sweeping the perpendicular magnetic fields. The extracted critical cur-
rents Ic+ and Ic− are plotted as a function of magnetic fields in figure 2(a). Under finite fields, two
branches exhibit clear nonreciprocity, in contrast to their symmetric behavior at zero field. Notably, at
low magnetic fields (|B| ≲ 600 G), the average critical current (|Ic+|+ |Ic−|)/2 remains approximately
constant, as indicated by the gray dots in figure 2(a), even though Ic+ and Ic− shift in opposite direc-
tions with increasing magnetic fields. This behavior indicates that the magnetic field redistributes the
current-carrying capability asymmetrically between the two bias directions—enhancing one branch while
suppressing the other—without significantly reducing the overall superconducting strength. This redis-
tribution can be understood through a phenomenological model of current superposition with Meissner
screening current under small magnetic field [6]. In our π-shaped nanoring, geometric crowding nat-
urally concentrates the transport current at the inner edge, where it superimposes with the magnetic-
field-induced Meissner screening current Is(B). Because this screening current adds to the local transport
current in one bias direction and subtracts in the other, it linearly shifts the observed critical currents,
Ic±≈± Ic0 − δIs (B), while keeping the average constant. Such conservation of the average critical cur-
rents suggests that the magnetic field primarily induces a directional modulation of the superconducting
switching instability, rather than uniform depairing or degradation of superconductivity, providing a
natural origin for the emergence of critical-current nonreciprocity in the low-field regime.

The magnitude of the nonreciprocity, defined as ∆Ic = |Ic+| − |Ic−|, is displayed by the black curve
in figure 2(b). ∆Ics increase with increasing field magnitudes, reach a maximum, and then decrease,
forming an antisymmetric profile satisfying ∆Ic (B) =−∆Ic (−B). This antisymmetry reflects the rever-
sal of diode polarity with the reversal of the magnetic-field direction, consistent with the behavior of the
individual critical-current branches. The diode efficiency, defined as [3, 6, 9–12, 14, 16, 17]

η = |Ic+|−|Ic−|
|Ic+|+|Ic−| (2)
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Figure 3. Rectification effect. (a) Half-wave rectification measured under a square-wave current drive (top panel). Measurements
were performed at 2 K under magnetic fields of+760 G (middle panel) and−760 G (bottom panel). The magnetic field of
760 G (Corresponding to the blue dots highlighted in figure 2) was chosen as it yields the highest diode efficiency at 2 K. (b)
Colormap showing the DC rectification voltage as a function of the sinusoidal alternating current ( f = 5353 Hz) and the
magnetic field.

is shown by the red curve in figure 2(b). The efficiency follows a similar field dependence and also
changes sign with magnetic-field reversal. At 2 K, the device reaches a maximum diode efficiency of
28.1%, demonstrating strong nonreciprocal transport in a simple single-layer NbN nanoring structure.

One important application of a superconducting diode is signal rectification. To directly evaluate
this functionality, we applied a square-wave current excitation with an amplitude of 190 µA, which is
between the |Ic+| and |Ic−| (top panel of figure 3(a)). The device switches reproducibly between the
superconducting and normal states (the middle panel of figure 3(a)), and the switching polarity reverses
upon reversing the applied magnetic field (bottom panel of figure 3(a)). This demonstrates control-
lable unidirectional supercurrent transport consistent with the field-dependent diode effect measured
in figure 2. We further assessed the rectification response by applying a sinusoidal AC current (5353 Hz).
The resulting DC output voltage, mapped in figure 3(b), confirms efficient rectification over a broad
range of magnetic fields.

Furthermore, the rectification effect was systematically verified at multiple temperatures from 2 K
to 7 K below Tc, where robust rectification persists across the entire range (figure S2). Device-to-device
reproducibility was confirmed on three independent nanoring devices, and the rectification remains sta-
ble over at least 100 cycles (figures S3 and S4). While these results illustrate the potential of the geo-
metrically asymmetric NbN nanoring as a simple and lithography-compatible platform, realizing large-
scale integration in cryogenic superconducting electronics will require further detailed studies on the
frequency dependence of rectification, additional performance optimization, and strategies for zero-field
operation (e.g. via hybrid integration with magnetic materials).

To examine the temperature dependence of the diode effect, we measured the diode device over a
range of temperatures below Tc. The I–R characteristics retain sharp switching behavior at all temper-
atures (figure 4(a)). The field-dependent critical currents—Ic+ and Ic− —measured at various tem-
peratures ranging from 2 K to 8 K are shown in figures 4(d) and (e), respectively. Both |Ic+| and |Ic−|
decrease monotonically with increasing temperature (figure 4(b)), consistent with thermal suppression of
superconductivity. As shown in figure 4(b), their temperature dependence follows the Ginzburg–Landau
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Figure 4. Temperature dependence of nonreciprocity. (a) Current-voltage curves for positive (solid lines) and negative (dashed
lines) bias measured at various temperatures in a magnetic field of 700 G. (b) Temperature dependence of the critical current
obtained under positive (black circles) and negative (black squares) bias measured at a magnetic field of 500 G. The solid blue
curve is a fit based on the theoretical Ginzburg–Landau depairing critical current formula. The dashed blue line is the solid blue
curve shifted by a ratio of 0.62, representing the same temperature evolution for the positive and negative critical currents. (c)
Maximal normalized nonreciprocal diode efficiencies (black circles) and critical currents (black squares) extracted from (d)–(f)
at various temperatures. The solid blue curve represents the theoretical calculation of the temperature dependence of the BCS
superconducting gap, and the dashed blue curve shows the calculated temperature dependence of the superfluid density. (d)–(f)
Colormaps of the positive critical current Ic+ (d), negative critical current Ic− (e) and nonreciprocal critical current∆Ic (f) as a
function of temperature and magnetic field.

depairing critical current relation [43] as an empirical form,

Ic (T) = Ic (T= 0)
(
1− T

Tc

) 3
2 (3)

While this empirical agreement suggests that a nonreciprocal depairing process is a plausible underly-
ing mechanism for the observed diode effect, we note that in our specific geometry—a narrow asym-
metric nanoring under a perpendicular magnetic field—complex vortex dynamics cannot be ruled out.
Specifically, asymmetric vortex entry barriers, fluxoid states, and geometric current crowding likely play
relevant roles [44]. Therefore, the observed nonreciprocity may represent an interplay between asymmet-
ric depairing and vortex-ratchet contributions.

To further explore the relationship between superconducting parameters and the observed diode
effect, we plot the temperature-field maps of the nonreciprocity ∆Ic in figure 4(f). The correspond-
ing maximal values, ∆Imax

c and the extracted ηmax, obtained at various temperatures are shown in
figure 4(c). Although the ∆Imax

c (T) and ηmax (T) exhibit distinct temperature dependence, they both
decrease monotonically with increasing temperature, indicating that the overall superconducting diode
effect is closely linked to the current-carrying capability of the device.

As the depairing critical current of a given superconductor is determined by both the Cooper-pair
binding energy—characterized by the superconducting energy gap ∆(T)—and the superfluid density
ns (T), we compare the experimentally extracted ∆Imax

c (T) and ηmax (T) with the theoretical temperature
dependence of the BCS energy gap [45] and superfluid density [46], given by

∆(T)

∆0
≈ tanh

(
1.74

√
Tc

T
− 1

)
,

ns (T)

ns (0)
=

∆(T)

∆0
tanh

(
∆(T)

2kBT

)
.

As shown in figure 4(c), we observe a phenomenological correlation where ηmax (T)closely tracks the
temperature evolution of the superconducting energy gap ∆(T), while ∆Imax

c (T) exhibits a temper-
ature dependence more similar to the superfluid density ns (T). While these correlations suggest that
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the magnitude of critical-current nonreciprocity and the diode efficiency may be influenced by different
superconducting parameters, further studies are needed to determine if these metrics are governed inde-
pendently by these parameters. Nevertheless, this comparison provides suggestive guidance for material
selection in the design of superconducting diodes tailored to specific application requirements.

3. Conclusion

In conclusion, we have demonstrated that a pronounced geometrically induced superconducting diode
effect in the structurally minimal, single-material NbN nanoring. Distinct from superconducting diode
devices based on Josephson junctions, multilayers, ferromagnetic hybrids, gate-controlled structures, or
artificial pinning arrays, the present device realizes nonreciprocal critical-current switching through the
asymmetric annular geometry of the superconducting nanowire itself. Under a perpendicular magnetic
field, the device exhibits pronounced and polarity-switchable critical-current nonreciprocity, while main-
taining symmetric and field-independent retrapping currents. This behavior indicates that the supercon-
ducting diode effect originates from a directional modulation of the superconducting switching insta-
bility rather than from thermal effects or uniform suppression of superconductivity. Together with the
negligible nonreciprocity observed in the symmetric control device, these results confirm that curvature-
induced edge asymmetry provides the essential inversion-symmetry breaking responsible for the diode
effect.

Systematic magnetic-field- and temperature-dependent measurements further reveal that, at low mag-
netic fields, the applied field redistributes the critical current asymmetrically between opposite bias direc-
tions without significantly reducing the overall superconducting current-carrying capability. Importantly,
while both the maximal critical-current nonreciprocity ∆Imax

c and the maximal diode efficiency ηmax

decrease monotonically with increasing temperature, they exhibit distinct temperature dependences: the
ηmax follows the evolution of the superconducting energy gap, whereas the ∆Imax

c is more closely associ-
ated with the superfluid density.

In addition to its clear rectification functionality, the compact and fully planar nanoring architecture
is compatible with standard lithographic processes. Together, these findings establish asymmetric super-
conducting nanorings as a simple and effective minimal geometric platform for studying nonreciprocal
superconducting transport, and suggest clear routes for device optimization through both material selec-
tion and geometric design, depending on the specific performance requirements of targeted applications.
While practical circuit-level implementation will require further optimization toward lower-field or zero-
field operation, the present work provides a clear geometric design principle for future superconducting
rectifying elements.

4. Method

4.1. Device fabrication
The superconducting nanoring devices were fabricated from a 10 nm-thick NbN film deposited on a
commercial Si/SiO2 substrate by magnetron sputtering. The NbN film was first patterned by ultraviolet
lithography and followed by reactive-ion etching to define the coarse device geometry. Ti/Au electrodes
were then deposited to form low-resistance electrical contacts. The asymmetric nanoring, with an inner
diameter of 600 nm and a linewidth of approximately 118 nm, was defined by electron-beam lithography
followed by reactive-ion etching. The device morphology was characterized by field-emission scanning
electron microscopy. Detailed fabrication parameters, including sputtering, lithography, and etching con-
ditions, are provided in the Supporting Information.

4.2. Transport measurements
Electrical transport measurements were performed using a standard four-probe configuration in a
superconducting cryogenic magnet system. The magnetic field was applied perpendicular to the sample
plane. A Keithley 6221 current source was used to generate DC, quasi-DC, square-wave, and sinusoidal
current excitations, while the voltage response was measured using a Keithley 2182 A nanovoltmeter.
Measurements were performed at fixed temperatures with a temperature stability better than ±1 mK.

4.3. Data analysis
The positive and negative critical currents, Ic+ and Ic−, were extracted from the current–voltage charac-
teristics at the superconducting-to-resistive switching points. The retrapping currents, Ir+ and Ir−, were
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extracted from the resistive-to-superconducting transition during the reverse current sweep. The non-
reciprocal critical-current component was defined as ∆Ic = |Ic+| − |Ic−|, and the diode efficiency was
calculated as η = [|Ic+| − |Ic−|]/ [|Ic+|+ |Ic−|].
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[44] Jiang J, Wang Y-L, Milǒsevíc M V, Xiao Z-L, Peeters F M and Chen Q-H 2021 Reversible ratchet effects in a narrow superconduct-

ing ring Phys. Rev. B 103 014502
[45] Flötotto D, Ota Y, Bai Y, Zhang C, Okazaki K, Tsuzuki A, Hashimoto T, Eckstein J N, Shin S and Chiang T-C 2018

Superconducting pairing of topological surface states in bismuth selenide films on niobium Sci. Adv. 4 eaar7214
[46] Mandal S, Dutta S, Basistha S, Roy I, Jesudasan J, Bagwe V, Benfatto L, Thamizhavel A and Raychaudhuri P 2020 Destruction of

superconductivity through phase fluctuations in ultrathin a-MoGe films Phys. Rev. B 102 060501(R)

9

https://doi.org/10.1038/s41565-022-01159-4
https://doi.org/10.1038/s41565-022-01159-4
https://doi.org/10.1038/s41563-022-01300-7
https://doi.org/10.1038/s41563-022-01300-7
https://doi.org/10.1002/adma.202511414
https://doi.org/10.1002/adma.202511414
https://doi.org/10.1038/s41586-024-07431-y
https://doi.org/10.1038/s41586-024-07431-y
https://doi.org/10.1126/sciadv.aay9120
https://doi.org/10.1126/sciadv.aay9120
https://doi.org/10.1038/s41565-021-00896-2
https://doi.org/10.1038/s41565-021-00896-2
https://doi.org/10.1038/s41467-023-38856-0
https://doi.org/10.1038/s41467-023-38856-0
https://doi.org/10.1103/PhysRevResearch.5.033131
https://doi.org/10.1103/PhysRevResearch.5.033131
https://doi.org/10.1038/s41467-024-48882-1
https://doi.org/10.1038/s41467-024-48882-1
https://doi.org/10.1088/0256-307X/41/6/067402
https://doi.org/10.1088/0256-307X/41/6/067402
https://doi.org/10.1038/s41565-018-0162-7
https://doi.org/10.1038/s41565-018-0162-7
https://doi.org/10.1038/s41467-021-23077-0
https://doi.org/10.1038/s41467-021-23077-0
https://doi.org/10.1038/s41467-018-05759-4
https://doi.org/10.1038/s41467-018-05759-4
https://doi.org/10.1038/s41467-023-38005-7
https://doi.org/10.1038/s41467-023-38005-7
https://doi.org/10.1126/science.abl8371
https://doi.org/10.1126/science.abl8371
https://doi.org/10.1038/s41567-022-01700-1
https://doi.org/10.1038/s41567-022-01700-1
https://doi.org/10.1038/s41586-022-04504-8
https://doi.org/10.1038/s41586-022-04504-8
https://doi.org/10.1038/s41467-022-31954-5
https://doi.org/10.1038/s41467-022-31954-5
https://doi.org/10.1002/adfm.202311229
https://doi.org/10.1002/adfm.202311229
https://doi.org/10.1038/s41467-020-16987-y
https://doi.org/10.1038/s41467-020-16987-y
https://doi.org/10.1103/PhysRevLett.92.097003
https://doi.org/10.1103/PhysRevLett.92.097003
https://doi.org/10.1088/0953-2048/28/11/114003
https://doi.org/10.1088/0953-2048/28/11/114003
https://doi.org/10.1038/s43246-025-00891-3
https://doi.org/10.1038/s43246-025-00891-3
https://doi.org/10.1103/PhysRevB.68.134515
https://doi.org/10.1103/PhysRevB.68.134515
https://doi.org/10.1103/RevModPhys.34.667
https://doi.org/10.1103/RevModPhys.34.667
https://doi.org/10.1103/PhysRevB.103.014502
https://doi.org/10.1103/PhysRevB.103.014502
https://doi.org/10.1126/sciadv.aar7214
https://doi.org/10.1126/sciadv.aar7214
https://doi.org/10.1103/PhysRevB.102.060501
https://doi.org/10.1103/PhysRevB.102.060501

	Geometric superconducting diode effect in an NbN nanoring
	1. Introduction
	2. Results and discussion
	3. Conclusion
	4. Method
	4.1. Device fabrication
	4.2. Transport measurements
	4.3. Data analysis

	References


