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Polarity-Reversible Zero-Field Diode Effect in van der Waals
Ferromagnetic Josephson Junction for Logic Operation
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With unprecedented energy efficiency and quantum-ready properties,
superconducting electronics drive breakthroughs in quantum processors,
ultra-precise sensors, and beyond-Moore’s-law computing architectures.
While nonreciprocal circuit elements such as superconducting diodes are
essential for these systems, the realization of practical devices with robust
performance remains a major challenge. In particular, polarity-tunable
superconducting diodes that operate efficiently under zero magnetic field are
highly desired for practical applications. Here, a polarity-reversible zero-field
Josephson diode effect (JDE) is demonstrated with highly sustained
performance in a vertically stacked 2D van der Waals (vdW) ferromagnetic
Josephson junction composed of the Ising superconductor NbSe2 and the
itinerant ferromagnet Fe3GeTe2 (FGT) layers. The diode asymmetry and
rectification polarity are primarily tunable via the magnetic state and
thickness of the FGT layer. By optimizing the thickness of the FGT layer, a
polarity-reversible JDE is achieved with a rectification efficiency of up to
34.1%. Furthermore, an exclusive OR (XOR) logic gate operation is
successfully implemented using this reconfigurable JDE. The work establishes
a new route toward realizing efficient, polarity-reversible, zero-field
superconducting diodes and underscores their potential for 2D
non-dissipative superconducting electronics.
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1. Introduction

The relentless scaling of computational
power density, driven by Moore’s Law, has
precipitated a critical energy bottleneck
in modern data centers. Superconducting
electronics, particularly when coupled with
recent breakthroughs in high-efficiency
cryogenic cooling,[1] have emerged as a rev-
olutionary pathway toward ultralow-power
computing.[2–4] A foundational component
of such architectures is the superconduct-
ing diodes, an analog to its semiconduc-
tor counterparts, capable of enabling uni-
directional flow of supercurrent.[5–7] The
key characteristic of these superconduct-
ing diodes is the nonreciprocal critical cur-
rent, whose directionality, termed polar-
ity, is governed by engineered breaking of
inversion and/or time-reversal symmetry
(TRS), often via artificial structural asym-
metries or applied magnetic fields.[8–10]

Importantly, the realization of supercon-
ducting diodes with a tunable polarity
unlocks avenues for novel reconfigurable
logic gates and memory cells, and enables
dynamically programmable nonreciprocal
components such as isolators and recti-
fiers through polarity modulation,[11] which

are essential for the high-frequency low-loss signal proce-
ssing.[12–15] Achieving the zero-field superconducting diode effect
(SDE) with a tunable polarity represents a critical milestone to-
ward practical, non-dissipative electronics.
Despite theoretical promise and experimental advances in

SDE,[8,16–25] most demonstrations to date require external mag-
netic fields to break TRS,[19,21,26–28] limiting their applicability.
Some efforts have focused on intrinsic TRS breaking in uncon-
ventional superconductors, including the kagome supercon-
ductor CsV3Sb5,

[29] iron-based superconductor FeSexTe1−x,
[30,31]

and cuprate Bi2Sr2CaCu2O8+𝛿 .
[26,32] However, these systems

typically suffer from low diode efficiencies <20% and stochastic
or irreproducible polarity control. Alternatively, superconductor-
ferromagnet heterostructures exploit interfacial magnetization
or magnetic proximity effects to break TRS.[9,11,18,33–36] Such
configurations allow the polarity regulation by modulating fer-
romagnetic moments. Examples include non-centrosymmetric
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Figure 1. Vertically stacked NbSe2/FGT/NbSe2 Josephson junction(S/F/S junction) with atomically sharp interfaces. a) Schematic illustration of the
S/F/S junction, where the junction shows normal electron tunnelling in one direction but superconductivity in the other (Cooper pair tunnelling).
b) Optical image of a heterostructure device with a two-channel configuration: the left channel features the S/F/S junction, while the right channel
comprises the top NbSe2 layer. The red, green, yellow, and pink dashed lines demarcate the bottom NbSe2, FGT, top NbSe2, and hBN encapsulation
layers, respectively. c) Cross-sectional STEM-ADF image and corresponding EDS mappings of Fe (blue), Ge (yellow), Te (cyan), Nb(green), Se(red), and
Si (pink). An atomically sharp interface is resolved between NbSe2 and FGT layers.

superconducting/ferromagnetic superlattices[18] and lateral
Josephson junctions incorporating Y3Fe5O12-magnetized Pt
barriers.[9] However, interfacial imperfections, such as the lat-
tice mismatch, interdiffusion, and magnetic disorder, remain
formidable obstacles and degrade the device performance,
necessitating atomic-level interface engineering.
To transcend these limitations, vdW ferromagnetic Josephson

junctions offer a transformative architecture. The atomically pre-
cise layer-by-layer stacking of vdW heterostructures eliminates
defects like dangling bonds inherent to epitaxial systems. In ad-
dition, the asymmetry interfaces between superconducting and
ferromagnetic layers can break inversion symmetry, and the in-
trinsic magnetization of the ferromagnetic barrier can induce
TRS breaking.[37–39] This dual symmetry breaking, achieved with-
out external fields, precisely meets the essential theoretical cri-
teria for realizing a zero-field SDE. Therefore, vdW ferromag-
netic Josephson junctions provide a compelling route toward
the highly efficient, polarity-tunable zero-field SDE operating at
the 2D limit. Despite these advantages, a definitive experimental
demonstration of polarity-tunable zero-field SDE in this system
remains elusive.
In this work, we construct high-quality vdW ferromagnetic

Josephson junctions, NbSe2/FGT/NbSe2 (S/F/S), comprising the
Ising superconducting NbSe2 and the ferromagnetic barrier FGT
with a strong perpendicular magnetic anisotropy. These junc-
tions manifest a robust zero-field JDE, as demonstrated by asym-
metric current-voltage (V-I) curves in the absence of an external

magnetic field. The observed half-wave rectification maintains
exceptional stability across over 104 repeated pulsed measure-
ments, indicating the high reliability and durability of the zero-
field JDE. Critically, both the magnitude and polarity of the zero-
field JDE can be flexibly tuned via multiple parameters within
the junction, including the magnetic configuration, supercon-
ducting state, and thickness of the FGT layer. By optimizing the
thickness of the FGT layer, we achieve a large diode efficiency
of 34.1% under zero-field conditions. Leveraging the polarity-
reversible zero-field JDE, we further demonstrate a XOR logic
gate operation, showcasing the potential of these junctions in ad-
vancing energy-efficient superconducting logic circuits and hy-
brid superconducting spintronics.

2. Results and Discussion

2.1. Vertically Stacked NbSe2/FGT/NbSe2 Josephson Junction

The device architecture is illustrated in Figure 1a, where a verti-
cally structured Josephson junction was fabricated by encapsulat-
ing a thin FGT layer between two superconducting NbSe2 layers.
The single crystals of FGT andNbSe2 were synthesized via chem-
ical vapor transport (CVT), and their X-ray diffraction (XRD) pat-
terns exhibit characteristic (00l) diffraction peaks, indicating the
c-axis orientation and high crystallinity (Figure S1, Supporting In-
formation). NbSe2, as a type-II s-wave superconductor, can show
the Ising superconductivity in NbSe2 few layers or monolayer,
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Figure 2. Zero-field Josephson diode effect in the S/F/S junction (Device 1). a) Temperature-dependent resistance of the S/F/S junction and the top
NbSe2 layer measured by a four-terminal configuration. b) V-I curves of the S/F/S junction and the top NbSe2 layer at 2 K under zero magnetic field.
c) V-I curves with the positive sweep, where the yellow solid and dashed lines correspond with the 0–p and p–0 branches, respectively, and the green
solid and dashed lines correspond with the 0–n and n–0 branches, respectively. The positions of the critical current Ic+, |Ic−|, Ir+, and |Ir−| are marked.
d) Pre-magnetized magnetic field dependence of the critical supercurrent Ic and non-reciprocal componentΔIc in the S/F/S junction. The non-reciprocal
component of the critical current is defined as ΔIc = |Ic + − |Ic − ||. e) Temperature dependence of Ic and ΔIc in the S/F/S junction. f) The magnetic field

dependence of ΔIc in the S/F/S junction at 2 K. The superconducting diode efficiency is defined as 𝜂 = |Ic+−|Ic−||
Ic++|Ic−| × 100%, and the maximum efficiency

𝜂max under the magnetic field is 7.2 %.

which originates from the combination of broken inversion sym-
metry and strong spin-orbit interaction (SOI). While this phe-
nomenon disappears in NbSe2 multilayer or bulk forms (Section
S2, Supporting Information).[40–42] FGT is a vdW ferromagnetic
metal, andmagneticmeasurements reveal theCurie temperature
of 220 K and strong perpendicular magnetic anisotropy (Section
S3, Supporting Information).
The S/F/S heterostructure was fabricated using a modified

dry transfer technique in an argon glovebox, encapsulated by
the top hexagonal boron nitride (hBN) layer to prevent oxida-
tion and degradation. A parallel six-electrode configuration in
Figure 1b was employed to separately measure the properties of
the S/F/S junction and a reference few-layer NbSe2 (Device 1).
The thickness of the top and bottom NbSe2 layers in Device 1 is
≈10 and 7 nm, respectively, both of which exhibit the Ising su-
perconductivity (Figure S2, Supporting Information). The FGT
layer has a thickness of 7 nm, which exhibits the hard mag-
netic property, and the saturationmagnetic field of 0.51 T (Figure
S3-2, Supporting Information). Cross-sectional scanning trans-
mission electronmicroscopy (STEM)measurements in Figure 1c
resolve atomically sharp interfaces between the NbSe2 and FGT
layers in the S/F/S junction. Moreover, twist angles between the
top/bottomNbSe2 and FGT layers, as well as intrinsic defects and

strains within the few-layered system, can break inversion sym-
metry in the junction.

2.2. Zero-Field Josephson Diode Effect in the S/F/S Junction

As depicted in Figure 2a, when cooling Device 1 to low tem-
peratures under the zero magnetic field, the resistance of few-
layer NbSe2 exhibits a sharp superconducting transition with a
superconducting transition temperature (Tc, NbSe2) of 6.08 K. In
contrast, the resistance of the S/F/S junction drops to zero, un-
dergoing a broader temperature range, which indicates that the
NbSe2 induces a superconducting state in the ferromagnetic FGT
layer. The corresponding superconducting transition tempera-
ture for this induced state isTc , S/F/S = 5.68 K. The typical voltage-
current- characteristics (V-I) curves of the S/F/S junction and
few-layer NbSe2 at 2 K under zero magnetic field are shown in
Figure 2b. The V-I curve of the S/F/S junction exhibits distinct
hysteresis loops, which can be attributed to the resistively and
capacitively shunted junction model.[30,43] In this model, the ca-
pacitance in the junction causes different critical currents when
breaking the superconducting state (Ic) and returning to it (Ir).
The critical currents of the S/F/S junction show a significant
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difference. However, the critical current of the few-layer NbSe2
is much larger than that of the S/F/S junction, and no hysteresis
or difference between Ic+ and |Ic-| is observed, indicating that the
non-reciprocal behavior originates from the S/F/S structure itself
rather than external effects.
As shown in Figure 2c, the hysteretic V−I loop can be divided

into four branches: from zero to positive (0-p), positive to zero (p-
0), zero to negative (0-n), and negative to zero (n-0). In the positive
current range, the critical currents are defined as the Ic+ and Ir+,
while in the negative range, they are denoted as the Ic- and Ir-. The
absolute value of Ic- is significantly larger than that of Ic+, with a
difference ΔIc (ΔIc = |Ic-|-Ic+) reaching up to 0.13 mA, while the
absolute value of Ir- is slightly larger than that of Ir+, with a ΔIr =
|Ir-|-Ir+ being ≈0.02 mA. This asymmetry in the critical currents
demonstrates a clear non-reciprocal behavior in the S/F/S junc-
tion, suggesting the breaking of the inversion symmetry. The dif-
ference between Ir+ and Ir− further supports this conclusion.
Additionally, the V-I curves were swept from negative to positive,
then from positive to negative (defined as positive sweep), and
swept in the reverse direction (defined as negative sweep) (Figure
S4-1, Supporting Information). The V-I curves for the positive
and negative sweep are totally overlapping, further confirming
that the asymmetry in critical currents is an intrinsic property of
the junction and not induced by the Joule heating.[20,32] In a ferro-
magnetic Josephson junction, the combined effect of ferromag-
netism and spin‑orbit coupling (SOC) makes the current–phase
relation (CPR) to acquire an additional phase shift 𝜑0. The pres-
ence of 𝜑0 is the underlying origin of the zero-field JDE.

[9,44]

The 𝜑0 shift in the S/F/S junction originates from the intrin-
sic magnetization of the FGT layer, therefore, the zero-field JDE
can be efficiently modulated via applying a pre-magnetized out-
of-plane magnetic field. Figure 2d displays the evolution of Ic+,
|Ic-| and ΔIc of the S/F/S junction as a function of the differ-
ent pre-magnetized out-of-plane magnetic fields measured un-
der the zero magnetic field at 2 K. When the applied negative
pre-magnetizing field is smaller than the saturation magnetiza-
tion of the FGT layer, themagnetization of the FGT layer remains
aligned, and the diode polarity does not change. In contrast, once
the negative pre‑magnetizing field exceeds the saturation field of
the FGT layer, the magnetization of the FGT layer reverses; con-
sequently, the polarity of JDE is inverted.Within the range of pos-
itive pre-magnetizing fields, the Ic+, |Ic-| and ΔIc show a mono-
tonical increase in the range from 0 to 0.2 T, followed by a slight
decrease between 0.2 T and 0.5 T, and remain nearly unchanged
beyond 0.5 T. The monotonic increase in the range from 0 to 0.2
T may originate from the enhanced out-of-plane magnetization
of the FGT layer as the pre-magnetizing field increases. Further-
more, the temperature dependence of Ic+, |Ic-| andΔIc are shown
in Figure 2e. As the temperature increases, both critical currents
decrease due to the suppression of the superconductivity, with
the zero-field JDE persisting up to 4 K, below Tc, S/F/S of 5.68 K.
The V-I curves were recorded while sweeping the magnetic

field from −50 to +50 mT at 2 K, and the magnetic field depen-
dence of Ic+ and |Ic-| was extracted and plotted in Figure S4-4
(Supporting Information). The critical current Ic+ and |Ic-| ex-
hibit obvious nonreciprocal components under a small range
of the magnetic field. As shown in Figure 2f, the variation of
ΔIc with respect to the magnetic field reveals that ΔIc reaches
a negative maximum of ΔIc under the zero field, and reduces

to zero at ≈+3.6 mT, then changes the polarity and appears a
positive peak ≈+7.7 mT. The field modulation of asymmetry in-
dicates an apparent field-induced SDE,[10,21,45] while the notice-
able difference between the negative and positive field dependen-
cies is a field-free SDE, which is attributed to the intrinsic mag-
netic order in the S/F/S junction. To quantify the strength of the
diode effect, we define the superconducting diode efficiency as
𝜂 = |Ic+−|Ic−||

Ic++|Ic−| × 100%. The diode efficiency in Device 1 reaches a

maximum of 7.2% under the zero field.

2.3. Polarity-Reversible Half-Wave Rectification with a Sustained
Performance

The application of a pre-magnetizedmagnetic field not onlymod-
ulates the magnitude of the zero-field JDE but also enables the
direct reversal of its polarity when the direction of the magnetic
field is inverted. As demonstrated in Figure 3a, when applying
an out-of-plane magnetic field of −0.5 T (beyond the saturated
magnetic field of FGT) to pre-magnetize Device 1, the zero-field
JDE exhibits a positive polarity (Ic+ >|Ic-|). A square-wave excita-
tion current of 0.84 mA exceeding |Ic- | (0.87 mA) but below Ic+
(0.79 mA) is applied, the positive half-cycle remains in the super-
conducting state while the negative half-cycle exhibits a voltage
drop, achieving the rectification (Figure 3b). To assess the dura-
bility of the zero-field JDE, the device was subjected to 10 000
continuous cycles under a square-wave excitation current with an
amplitude of 0.84 mA at 1 Hz under zero field (Figure 3c). The
Half-wave rectification behavior remains stable throughout the
entire cycle count, demonstrating the high reliability and durabil-
ity of the zero-field JDE. Conversely, with the pre-magnetization
under amagnetic field of 0.5 T, the zero-field JDE exhibits a nega-
tive polarity (|Ic-|>Ic+) (Figure 3d). When applying a square-wave
excitation current of 0.82 mA to Device 1, the rectification char-
acteristic was reversed (Figure 3e). As demonstrated in Figure 3f,
the negative half -wave rectification behavior during 10 000 con-
tinuous cycles also exhibits a highly durable performance. The
sustained rectification over an extended period further indicates
that the Joule heating does not significantly affect the device per-
formance, reinforcing the conclusion that the non-reciprocal crit-
ical currents are intrinsic to the S/F/S junction rather than an
artifact of thermal effects.

2.4. FGT Thickness-Tunable Zero-Field JDE in the S/F/S Junction

Considering the thickness-dependent saturation magnetic mo-
ment and coercivity of the FGT layer,[46] we systematically engi-
neered S/F/S junctions with controlled FGT thickness variations
while maintaining the constant thickness of the NbSe2 layer to
modulate the zero-field JDE. As shown in Figure S7-1,2 (Support-
ing Information), all the fabricated devices exhibit distinct nonre-
ciprocal features in their V-I characteristics. The critical current
Ic and its non-reciprocal component ΔIc of these junctions basi-
cally show a decreasing trend as the thickness of the FGT layer
increases, whereas the diode efficiency exhibits a pronounced
non-monotonic dependence on the thickness of the FGT layer,
reaching a maximum for the thickness in the range of 28–34 nm
(Figure S7-3, Supporting Information). In particular, the device
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Figure 3. Polarity-reversible half-wave rectification in the S/F/S junction (Device 1) with a highly durable performance. a) V-I curves of the S/F/S junction
at 2 K under the zero magnetic field after applying a pre-magnetized magnetic field of -0.5 T. The zero-field JDEs exhibit a positive polarity (Ic+ >|Ic-|).
b) Half-wave rectification of the zero-field JDE in the S/F/S junction at 2 K after applying a pre-magnetized magnetic field of -0.5 T. The top panel shows
the applied square-wave excitation with an amplitude of 0.84 mA and a frequency of 0.1 Hz. The bottom panel displays the corresponding measured
junction voltage, which is zero during the positive current bias and finite during the negative current bias. The black dotted line indicates the zero-voltage
level. c) Durability test of the zero-field diode effect at 2 K. The top panel is the applied square-wave excitation with an amplitude of 0.84mA and frequency
of 1 Hz over 10000 cycles. The bottom panel is the corresponding measured junction voltage during the cycling. d) V-I curves of the S/F/S junction at
2 K under the zero magnetic field after applying a pre-magnetized magnetic field of 0.5 T. The zero-field JDEs exhibit the negative polarity (|Ic-|>Ic+).
e) Half-wave rectification of the zero-field JDE in the S/F/S junction at 2 K after applying a pre-magnetized magnetic field of 0.5 T. The top panel shows
the applied square-wave excitation with an amplitude of 0.82 mA and a frequency of 0.1 Hz. The bottom panel displays the corresponding measured
junction voltage, which is zero during the negative current bias and finite during the positive current bias. The black dotted line indicates the zero-voltage
level. f) The top panel is the applied square-wave excitation with an amplitude of 0.82 mA and frequency of 1 Hz over 10 000 cycles. The bottom panel
is the corresponding measured junction voltage during the cycling.

with a 32-nm-thick FGT layer (Device 2) reaches an exceptionally
high diode efficiency of 34.1 %. To elucidate the microscopic ori-
gin of this anomalous behavior, we fit the data with an exponen-
tial decay function exp(−d/𝜉) and obtained an estimated coher-
ence length 𝜉 = 31±8 nm[47,48] (Figure S11-1, Supporting Infor-

mation). However, by using the relation 𝜉s ≈
√

ℏD
Eex
,[49,50] whereD

and Eex are the FGT electron diffusion coefficient and exchange
field, respectively, we obtain the coherence length of the spin-
singlet supercurrent in the FGT layer to be ≈3.5 nm. This value
is far smaller than the thickness of the FGT layer in Device 2, in-
dicating that the supercurrent in Device 2 possesses a spin‑triplet
character. The spin-polarized triplet componentmay enhance the
additional phase shift 𝜑0, thereby generating the large diode effi-
ciency.
Moreover,Tc of these devices exhibits a pronounced nonmono-

tonic dependence on the thickness of the FGT layer (Figure
S11-2, Supporting Information). An increase of Tc is indicative of
a transition from the 0-phase to 𝜋-phase. Notably, the variation of
Tc is consistent with the trend of the diode efficiency, indicating

that the enhancement of the diode efficiency in the devices with
the thick FGT layers may be related with the 𝜋-phase transition.
Consequently, we propose that the exceptionally high diode effi-
ciency observed in Device 2 is related to the spin‑polarized triplet
superconductivity and 𝜋-phase transition (see Section S11, Sup-
porting Information for a detailed discussion).
We performed a detailed study focusing on Device 2, where

the thickness of the FGT layer far exceeds the out-of-plane coher-
ence length of NbSe2. As illustrated in Figure 4a, the resistance of
this device exhibits a pronounced zero-resistance state below the
superconducting transition temperature of 5 K. The FGT with a
thickness of ≈32 nm in Device 2 exhibits a fragmented magnetic
domain structure, which is directly imaged at 4 K using a mag-
netic forcemicroscope (MFM) without applying an external mag-
netic field (inset of Figure 4a). Such amagnetic domain structure
introduces the interfacial magnetic inhomogeneity in the s-wave
superconductor/ferromagnetic junction. This inhomogeneity
can facilitate the spin mixing and spin rotation processes of spin-
singlet Cooper pairs at the superconducting interfaces, leading to
the generation of spin-polarized spin-triplet Cooper pairs.[22,51–53]
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Figure 4. The polarity-reversible zero-field JDE in Device 2 and the XOR logic gate operation. a) Temperature-dependent resistance of Device 2. The
left inset provides the optical micrograph of Device 2 with the region marked by the dashed black box, for the magnetic domain structure measured by
MFM. The right inset shows the magnetic domain structure of the FGT layer under a zero magnetic field, imaged by the MFM. b) V-I curves of Device
2 at 2 K under different magnetic fields. The critical current from 0-p branch is defined as Ic+, and the critical current from 0-n branch is denoted as Ic-.
c) Durability test of JDE in Device 2 at 2 K under different magnetic fields. The top panel illustrates the applied square-wave excitation with an amplitude
of 45 μA and a frequency of 1 Hz over 5000 cycles. The bottom panel shows the corresponding measured junction voltage during cycling, demonstrating
the stable operation. The black dashed lines indicate the zero-voltage levels. d) Deterministic switching of the polarity state by applying a pulsedmagnetic
field of 10 mT and pulsed current in Device 2, and the corresponding rectification behaviors. e) The schematic diagram of the XOR logic gate. The “Input
B” under different signals of “Input A” can generate a distinct electrical “Output C”. f) The truth table with the applied pulsed magnetic field and pulsed
current as input signals and the XOR gate operation.
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The V-I characteristics of Device 2 in Figure 4b exhibit no
pronounced hysteresis, indicating that the junction operates in
an overdamped regime with a low resistance-capacitance prod-
uct. However, there is a significant asymmetry between Ic+ and
|Ic-|, reflecting a prominent zero-field JDE. Furthermore, we ob-
served that the V-I characteristics of Device 2 show two distinct
superconducting critical currents, which can be defined as Ic1
and Ic2. This phenomenon is likely attributed to the tunneling of
Cooper pairs within different magnetic domain structures (de-
tailed analysis in Section S12, Supporting Information).[54] No-
tably, JDE under the magnetic field of 10 mT exhibits the oppo-
site polarity but almost an equal diode efficiency compared to that
under the zero field. As shown in Figure S13-3 (Supporting In-
formation), the second‑harmonic signals indicate that this mag-
netic‑field‑induced polarity reversal primarily originates from a
non‑reciprocal CPR in the Josephson junction (see Section S13,
Supporting Information, for a detailed discussion). Furthermore,
we performed the durability of JDE in Device 2. As shown in
Figure 4c, when a square-wave excitation current of 45 μA was
applied to the device under the zero field and 10 mT, a polarity-
reversible and persistent rectification behavior is demonstrated.
These results highlight the high efficiency and stability of the
polarity-reversible JDE in Device 2 under practical operating con-
ditions.

2.5. XOR Logic Gate Enabled by the Polarity-Reversible JDE

Taking advantage of the polarity-reversible JDE in Device 2,
we demonstrate a XOR logic gate operation. As depicted in
Figure 4d, a pulsed magnetic field can switch the JDE polarity
state in Device 2. Under the zero field, an applied current Iapplied
of −45 μA corresponds to the superconducting state (voltage < 2
× 10−4 mV), defined as the OFF state, while+45 μA results in a fi-
nite voltage state (≈7.8 mV), defined as the ON state. Conversely,
applying a 10 mT magnetic field reverses these ON and OFF
states for the same current magnitudes. Notably, the polarity-
reversible JDE achieves an outstanding on/off voltage contrast
exceeding four orders of magnitude.[11]

Consequently, the pulsed magnetic field serves as the control
input (Input A), determining the nonreciprocal transport polar-
ity: 0 mT (ΔIc<0, logic “0”) and 10 mT (ΔIc>0, logic “1”). The
input current pulses (Input B) provide the data input: a positive
pulse (+45 μA) represents logic “1” and a negative pulse (−45
μA) represents logic “0”. By cross-modulating these two inputs
through the polarity-reversible diode behavior, we achieve a dis-
tinguishable electrical output (Output C) that implements the
XOR functionality (Figure 4e). As shown in Figure 4f, when the
polarity state and input state are set to (0,1) and (1,0), the output
logic state is “1” (high voltage). In contrast, when the inputs are
(0,0) or (1,1), the output state is “0” (low voltage). These results
confirm the successful realization of an XOR gate based on the
polarity-reversible JDE, highlighting its potential for low-power-
consumption integrated circuit applications.

3. Conclusion

In summary, we have demonstrated a polarity-reversible zero-
field JDE with highly durable half-wave rectification behavior in

vertically stacked vdW NbSe2/FGT/NbSe2 ferromagnetic Joseph-
son junctions. The underlying JDE originates from the non-
reciprocal CPR caused by the combined effect between strong
SOI at the asymmetric NbSe2/FGT interface and the spon-
taneous magnetization of the ferromagnetic layer. Therefore,
the magnitude and polarity of this zero-field JDE can be sys-
tematically modulated via pre-magnetized magnetic fields, tem-
peratures variations, and the thickness of the FGT layer. No-
tably, by tuning the thickness of the ferromagnetic layer, we
achieved amaximum superconducting diode efficiency of 34.1%.
Based on the high-efficiency and polarity-reversible JDE, we
further implement a XOR logic gate operation. These find-
ings establish a fundamental connection between the super-
conducting phase coherence and ferromagnetic state in hybrid
ferromagnetic-superconducting systems, while simultaneously
pioneering a pathway toward non-dissipative superconducting
logic circuits and hybrid spintronic devices enabled by vdW
heterostructures.

4. Experimental Section
Single Crystal Growth: High-quality single crystals of FGT and NbSe2

were synthesized using a CVT method. Stoichiometric amounts of high-
purity elemental components and iodine were mixed and sealed in quartz
tubes. These tubes were then placed in a two-zone tubular furnace, where
the source and growth zones were heated to their respective target temper-
atures and maintained for two weeks. Shiny single crystals were obtained
after cooling the system to room temperature. Detailed procedures can be
found in the previous work.[55]

Characterization Techniques: The crystal structures of FGT and NbSe2
were analyzed using XRD. The magnetic properties of the crystals were
measured with a vibrating samplemagnetometer (VSM, QuantumDesign
PPMS-16 T). The thicknesses of the FGT and NbSe2 layers were deter-
mined using a Cypher S atomic force microscope (Oxford Instruments,
Asylum Research, Santa Barbara, USA). Samples for STEM characteriza-
tion were prepared via focused ion beam (FIB)milling and were performed
on an aberration-corrected JEOL GRANDARM2 microscope operated at
200 kV. The beam convergence semi-angle was set to 32 mrad, while the
collection semi-angles were 68–280 mrad for high-angle annular dark-field
(HAADF) images and 17 mrad for annular bright-field (ABF) images.

Device Fabrication: The bottom electrodes were patterned on a
SiO2/Si substrate using ultraviolet lithography, followed by the thermal
evaporation of Cr/Au (3/17 nm). Mechanical exfoliation and dry transfer
processes were conducted in a glove box with controlled oxygen andmois-
ture levels (O2, H2O < 0.1 ppm). Polydimethylsiloxane (PDMS) stamps
were soaked in an isopropanol solution for one week and then air-dried to
minimize the residual adhesion. The desired NbSe2 layer was transferred
onto the parallel electrodes using PDMS, ensuring that the bottom NbSe2
layer spanned two electrodes. Subsequently, an FGT layer was stacked on
top of the bottom NbSe2 layer. The top NbSe2 layer was then placed on
the FGT layer to form an overlapping region with the bottom NbSe2 layer,
and avoiding direct contact between them. Finally, a hBN layer was used
to encapsulate the heterostructure for protection.

Electrical Transport Measurements: Electrical transport measurements
were conducted in a Quantum Design Physical Property Measurement
System (PPMS) using a Keithley 6221 current source and a Keithley 2182A
nanovoltmeter. The resistance versus temperature (R-T) curves, voltage-
current characteristics (V-I), differential conductance (dV/dI), and half-
wave rectification were measured in a four-probe configuration.

Data Processing: The critical current is defined as the DC current bias
at the onset of voltage in the V-I curves, where the Ic+ and Ic- represent the
critical currents in the positive and negative current directions, respec-
tively. The superconducting transition temperature (Tc) is defined as the
temperature at where the resistance reaches half of the normal resistance.
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