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Field-resilient supercurrent diode in a
multiferroic Josephson junction

Hung-Yu Yang 1 , Joseph J. Cuozzo2,3, Anand Johnson Bokka 1,4,
Gang Qiu 1, Christopher Eckberg 1, Yanfeng Lyu5, Shuyuan Huyan 6,
Ching-Wu Chu 6,7, Kenji Watanabe 8, Takashi Taniguchi 9 &
Kang L. Wang 1

The research on supercurrent diodes has surged rapidly due to their potential
applications in electronic circuits at cryogenic temperatures. To unlock this
functionality, it is essential to find supercurrent diodes that can work con-
sistently at zero magnetic field and under ubiquitous stray fields generated in
electronic circuits. However, a supercurrent diode with robust field tolerance
is currently lacking. Here, we demonstrate a field-resilient supercurrent diode
by incorporating a 2D multiferroic material into a Josephson junction, and
observed a pronounced supercurrent diode effect at zeromagneticfield.More
importantly, the supercurrent rectification persists over a wide and bipolar
magnetic field range beyond industrial standards for field tolerance. By the-
oretically modeling a multiferroic Josephson junction, we unveil that the
interplay between spin-orbit coupling and multiferroicity underlies the unu-
sual field resilience of the observed diode effect. This work introduces multi-
ferroic Josephson junctions as a new field-resilient superconducting device for
cryogenic electronics.

Semiconductor diodes are fundamental electronic components cru-
cial for rectifying, regulating, and controlling the flow of electrical
current in electronic circuits and systems, playing a pivotal role in the
functionality of a wide range of devices from power supplies to digital
electronics1. Supercurrent diodes, which rectify the zero-resistance
supercurrent in superconductors, play key functions in digital elec-
tronics at cryogenic temperatures. For example, in an electronic flip-
flop memory, a binary bit can be represented by the current going
through one armor the other; this can be achieved similarly by placing
supercurrent diodes on each arm and controlling their rectification
directions2.More importantly, for a cryogenicmemory application, the
readout can be done through the supercurrent diode effect (SDE) that,

in principle, leads to low power consumption and an infinite on/off
ratio, thanks to the zero resistance in the superconducting state2–4.

In the past few years, supercurrent diodes have been found
extensively in various systems under a magnetic field5–13 while only a
few work at zero magnetic field. Among the zero-field supercurrent
diodes14–21, most of them require a magnetic field to polarize the fer-
romagnetic component and initialize the diode; the ferromagnetism
grants the field-tunability to these diodes, while also makes them
unable to work persistently over bipolar magnetic fields. For practical
applications, ubiquitous stray fields in a common circuit environment
(up to 10mT) can easily flip the supercurrent rectification direction
andmake this type of diode unreliable22. Currently, a clear strategy for
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field-resilient supercurrent diodes that canwork at zeromagnetic field
and tolerate stray fields in electrical circuits remains lacking.

The SDE is governed by the symmetry properties; the breaking of
inversion and time-reversal symmetries simultaneously is essential for
SDE, regardless of the material platform23–25. For example, a 2D
superconductor with Rashba spin-orbit coupling (RSOC) breaking the
inversion symmetry, and an applied in-plane transversemagnetic field
breaking time-reversal symmetry, exhibits SDE23. In this study, we
employed NiI2, a 2D multiferroic material, in a van der Waals (vdW)
Josephson junction (JJ) to create a field-resilient supercurrent diode.
The coexisting spiral magnetic order and ferroelectric order in NiI2
naturally break both inversion and time-reversal symmetry
(Fig. 1a)26–29, presumably satisfying symmetry requirements for SDE.
Furthermore, the coupling between magnetic and electric orders
makes a multiferroic more robust against the magnetic field (e.g.,
coercivity enhancement)30,31, granting the field-resilience for SDE.
Lastly, the strong magnetoelectric coupling in multiferroics enables
controllable switching of magnetic order32–34 and potentially the
switching of SDE by electrical gates. Incorporating this non-volatility
and gate tunability into supercurrent diodes could open the door to
practical cryogenic memory devices.

Results
Zero-field SDE in a multiferroic vdW JJ
Since the multiferroic order in NiI2 persists down to the 2Dmonolayer
(ML) limit35–37, we exfoliated a NiI2 flake of 4 MLs thick to facilitate the
Josephson coupling while keeping the multiferroic order. It is then re-
assembled with two NbSe2 flakes to make a NbSe2/NiI2/NbSe2 vertical
vdW JJ (NiI2 JJ in short), thanks to the freedom to manipulate vdW

materials with the 2D transfer assembly technique (Fig. 1b, see also
Methods and Supplementary Fig. 1). Figure 1c shows a typical V − I
characteristic of the NiI2 JJ. The quantities relevant to SDE are the
critical currents for opposite bias directions, Ic+ and Ic−, at which the JJ
transitions from a superconducting state to a normal state. The critical
current difference ΔIc ≡ Ic+ − ∣Ic−∣ =−118 μA and the diode rectification
efficiency η � Ic+�jIc�j

Ic+ + jIc�j � �8% were obtained. The difference in mag-
nitude also allows us to define a diode working range (gray stripes in
Fig. 1c), within which the supercurrent only flows in one direction but
not the other (Fig. 1d). The consistent switchingwith repetitive current
biasing cycles (see also Supplementary Fig. 2) shows the robustness of
the SDE in the NiI2 JJ at zero field.

To further confirm the zero-field SDE in the multiferroic NiI2 JJ, a
NbSe2/few-layer graphene/NbSe2 vdW JJ (Gr JJ) was fabricated as a
reference device, and different tests were performed to confirm the
observed zero-field SDE is intrinsic (Fig. 1e). If the heating effect is
significant, the rectification efficiency should flip sign between these
twomeasurements18. We found that the diode rectification efficiency η
of the Gr JJ stayed near zero and that of NiI2 JJ remained ~−8%, showing
the heating effect was insignificant in the SDE of both devices.

Next, opposite in-plane fields (±H∥) were applied to train the
magnet and devices, and then V − I characteristics were measured at
zero field. Here, we utilized the following fact to simulate the effect of
stray fields:With a large positive (negative)magneticfield up to several
tesla being applied through themagnet of our measurement system, a
small negative (positive) remnant field on the order of ~1mT could
remain after the field is set to zero38. For a field-resilient supercurrent
diode, η must not flip its sign for opposite training fields to continue
rectifying supercurrent in the same direction under stray fields. As

Fig. 1 | 2D Multiferroic NiI2 and zero-field supercurrent diode effect in the NiI2
van derWaals (vdW) Josephson junction (JJ). a Crystal structure andmultiferroic
order of NiI2, which consists of a spiral magnetic order (described by the wave
vector q!28) and an in-plane ferroelectric order ( P

!29). The yellow arrow on the Ni
atoms represents the spin direction, and the shaded area represents the spin spiral
plane. b Device geometry of the NiI2 JJ with a 4 monolayer (ML) NiI2. c V − I char-
acteristic of the NiI2 JJ. 0-p, p-0, 0-n, and n-0 refer to curves with current sweeping
from 0 μA to + 1000 μA, + 1000μA to 0 μA, 0 μA to − 1000μA, and − 1000 μA to
0 μA. The critical currents Ic+ (600μA) and Ic− (718 μA) are defined by the first
critical jump in V in the 0-p and 0-n (switching) curves, respectively. The gray-
shaded area denotes the diode working range defined by Ic+ and Ic−.

d Demonstration of supercurrent rectification with Ibias = ± 650μA. e Comparison
of zero-field supercurrent diode rectification efficiency (η= Ic+ �jIc�j

Ic+ + jIc�j) between the
NbSe2/few-layer graphene/NbSe2 JJ (Gr JJ) and the NiI2 JJ under different current-
sweeping and field-training protocols. The magnetic field was set to oscillate to
zero from 3 T before performing the 0p0n0 and 0n0p0 measurements. The
measurements for 0p0n0 and 0n0p0 tests are repeated five times to acquire error
bars, which are smaller than themarker size for both cases. The 0p0n0 and 0n0p0
refer to opposite current-sweeping protocols, where a positive bias current is
applied first in the 0p0n0 measurement and a negative bias current is applied first
in the 0n0p0measurement, respectively. The training fields ±H∥ = ± 1 T were used
for both devices. The field training was performed at T = 10 K.
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shown in Fig. 1e, the η of NiI2 JJ surprisingly remained negative ~ − 8%
after both ±H∥ training, in strong contrast to the Gr JJ, where its η
flipped the signbetween the ±H∥ training. Aswill bediscussed inFig. 2,
our Gr JJ exhibits a pronounced SDE with anti-symmetric field depen-
dence, with η ~ ± 20% for H∥ ~ ± 1mT, respectively. The nonzero but
opposite η values of the Gr JJ after ±H∥ training are thus false-positive
zero-field SDE and are a result of remnant fields induced by the field
training, in agreement with Fig. 2. The tests and comparison demon-
strated in Fig. 1e show that the zero-field SDE in the multiferroic NiI2 JJ
is not only intrinsic but alsofield-resilient. In theNiI2 JJ, η also surpasses
the values reported among the systems that do not require a field
initialization for the zero-field SDE (ηmax � 3% in both Fe(Te,Se)/
Fe(Te,Se) vdW JJ14 and NbSe2/Nb3Br8/NbSe2 vdW JJ18).

Field resilience of the SDE in NiI2 JJ
To demonstrate the robustness of zero-field SDE in the NiI2 JJ under
stray fields, we measured the field dependence of the SDE. The V − I
characteristics of the NiI2 JJ were acquired with in-plane fields (H∥)
ranging from + 24mT to 0mT (Fig. 2a, top panel), and 0mT to
− 24mT (bottom panel), over which the multiferroic order persists
(Supplementary Fig. 3). A consistent negative diode rectification effi-
ciency was observed over H∥= ± 24 mT, with negative bias-induced
critical transitions occurring beyond the gray stripe (Fig. 2a), defined
as the range of critical transitions for positive bias. The unidirectional
supercurrent rectification is directly linked to an unusual field
dependence of SDE, which has a minute antisymmetric component
and adominant symmetric component. Such afielddependencedefies
the typical anti-symmetric field dependence of SDE, where an external
magnetic field solely controls the time-reversal symmetry.5,6,10,21.

The dominant symmetric in-plane field dependence is further
shown by extracting Ic+ and ∣Ic−∣ at each field (Fig. 2b, top panel) and
calculating their corresponding η (bottom panel). Again, the data
points representative of ∣Ic−∣ are always above Ic+ betweenH∥= ± 24mT,

showing a robust negative SDE regardless of reversing the magnetic
field direction. The symmetry Ic+ (+H∥) = ∣Ic−∣ (−H∥) is expected for
supercurrent diodes supported by magnetochiral anisotropy, but our
NiI2 JJ shows a distinct field dependence owing to a different
mechanism responsible for non-reciprocity. Importantly, η consists of
a predominantly symmetric, dome-shaped field dependence. Such an
unusual field dependencemakes it possible to draw the widest bipolar
diode working range reported so far over ± 10mT (~ 8000 A/m, the
maximumfield toleranceof industrialMRAMdevicesmanufacturedby
Everspin39),wherewe canuse the same amount of current biased in the
opposite directions to rectify the supercurrent. Thus, a bipolar figure
of merit can be defined as FR ≡ ΔIR(current rectification
range) ×ΔHbpR(bipolar field rectification range), as the area of the
yellow block shown in Fig. 2b. For our device, FR over ± 10mT is on the
order of 103mT ⋅ μA, which is two orders of magnitude larger than the
existing supercurrent diode where a bipolar diode working range may
be defined (the maximum of FR in NbSe2/Nb3Br8/NbSe2 JJ is about
101mT ⋅ μA18).

We highlight the unique field-resilient SDE in the NiI2 JJ by com-
paring its field dependence to the Gr JJ (Fig. 2b, bottom panel). For the
Gr JJ, the SDE therein exhibits an anti-symmetric field dependence of η
with multiple sign changes, corresponding to the lobes of the Fraun-
hofer interference pattern (see Supplementary Fig. 4a). Themaximaof
Ic for opposite current biases shift from zero to opposite fields due to
the self-field effect induced by the cross-junction geometry, which
further leads to an SDE40,41. We expect the field-anti-symmetric SDE
without a bipolar working range to be typical of vdW JJ with a non-
magnetic barrier and a cross-junction geometry. On the contrary, the
interference pattern of the NiI2 JJ was “truncated" for the positive
current bias, while preserved for the negative current bias (see Sup-
plementary Fig. 4b). The pattern thus leads to a persistent negative η,
with a dominant symmetric field dependence and awide bipolar diode
working range establishing the field-resilient SDE in NiI2 JJ. The general

Fig. 2 | In-plane field dependence of the supercurrent diode effect in the NiI2 JJ.
a Top panel: V − I characteristic of the NiI2 JJ with 0 mT <H∥ < 24mT, with a 2mT
field increment. Bottom panel: V − I characteristic of the NiI2 JJ with -24mT
<H∥ <0mT. All plotted curves are switching curves (0-p and 0-n sweeps). The gray-
shaded area shows the range over which Ic+ at different fields is distributed. The
same range, while placed on the negative I side for both positive and negative H∥,
mostly falls in the superconducting range, suggesting a field-symmetric

supercurrent diode effect. b Top panel: critical current Ic+ and ∣Ic−∣ as a function of
H∥. The pink and cyan background represents the negative and positive field range,
respectively. The yellow block marks the bipolar working field range of the super-
current diode between ± 10mT with a figure of merit FR =ΔIR×ΔHbpR ~ 103mT ⋅ μA
(see the main text for their definitions). Bottom panel: η as a function of H∥ of Gr JJ
and NiI2 JJ. The fluctuations at low fields of the NiI2 JJ are likely due to the flux creep/
escape effect of our magnet38.
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anti-symmetric component is also present in NiI2 JJ due to the similar
cross-junction geometry, but it only leads to a slight tilt towards the
positive field of the dome-shaped field dependence, which remains
predominantly symmetric. We have also examined the SDE under out-
of-plane magnetic fields and observed again a persistent negative η in
NiI2 JJ with reduced efficiency, contrary to the reference device
showing a sign change of η as the field direction is flipped (Supple-
mentary Fig. 5). Despite having a weaker SDE under an out-of-plane
magneticfield, thefield-resilient natureof the SDE in theNiI2 JJ remains
and is distinguished from the reference device.

Non-monotonic temperature dependence of SDE
Finally, we investigate the temperature dependence of SDE in the NiI2
JJ. The results reveal its non-monotonic temperaturedependence and a
sign change. The zero-field SDE atdifferent temperatures from theV − I
characteristics is illustrated in Fig. 3a. In Fig. 3b, the 0-p and0-n sweeps
are compared to show their critical transitions for T ≤ 5 K. The critical
transition defining Ic at each temperature is labeled by short black
lines, where the same transition can be tracked up to T = 5 K, the
transition temperature of the JJ (see also Supplementary Fig. 6).

Figure 3 c presents the temperaturedependence of Ic± of theNiI2 JJ
at zero field, from which η and jηmaxj are extracted and compared to
that of the Gr JJ measured atH∥ = − 1mT in Fig. 3d. For the Gr JJ, the SDE
follows a monotonic temperature dependence where ηmax happens at
the lowest temperature reached, similar to other non-multiferroic
lateral JJs9,21. However, in the NiI2 JJ, two unusual qualitative behaviors
appear. First of all, ηmax appears at T = 2.5 K, instead of T = 2K, which is
the lowest temperature reached. Secondly, after the enhancement of
SDE at T = 2.5 K, η drops more quickly than expected and undergoes a
sign change before it completely vanishes. Below, we develop a theo-
retical model to capture our findings of SDE in the NiI2 JJ, including its
appearance at zero field, enhanced bipolar field resilience, and
uncommon non-monotonic temperature dependence.

Theoretical modeling
In our NiI2 JJ, electrons in NbSe2 can experience spin-orbit interactions
that are intrinsic to NbSe2 and NiI2 or arise from interfacial effects36,42.
The geometry of the cross junction modifies the supercurrent density
to reside near the surfaces of the two crossed NbSe2 flakes (Fig. 4a)

43,
which will enhance the role of RSOC in the Josephson coupling
between the NbSe2 flakes. For generality, we focus on the role of RSOC
in a generic cross JJ with a helimagnet weak link44–46. For a propagation
vector q = (qx, qy, 0), with helimagnet spin texture in real space given
by M=Mð� sinðq � rÞ, cosðq � rÞ, 0Þ, we can write the Bogoliubov de-
Gennes Hamiltonian in momentum space as

HBdG =
1
2

X
k

ψy
k

hðkÞ � μ Δsc

Δ*
sc μ� T�1hðkÞT

 !
ψk ð1Þ

hðkÞ= ℏ2ðk2 +q2=4Þ
2m* +

ℏ2ðq � kÞ
2m* σz + Jexcσy +αR kyσx � kxσy

� �
, ð2Þ

where ψk = ðck", ck#, � cy�k#, c
y
�k"Þ

T
is a spinor of electron creation

(annihilation) operators cykσ (ckσ) with momentum k and spin σ,
Δsc =Δeiϕσx is the superconducting gap with phase ϕ, μ is the chemical
potential, ℏ is Planck’s constant divided by 2π, m* is the effective
electron mass, αR is the RSOC strength, and Jexc is the exchange
interaction energy. Here, σi are Pauli matrices and T = iσyK is the time-
reversal operator with the complex conjugation operator K. In Eq. (2),
the exchange spin splitting Jexcσy arises from M >0 breaking time-
reversal symmetry (TRS), and the (q ⋅ k) term is associated with the
spin-orbit coupling induced by the spin texture M(r). The spin
polarization of the exchange spin splitting term is determined by the
form of M(r). Here we use an M(r) consistent with the spin texture in

NiI2
35–37.Wediscretize theHamiltonian inEq. (1) andperformnumerical

simulations of a helimagnetic JJ shown in Fig. 4b. Using tight-binding
simulations, we calculate theAndreev bound state spectrumof the JJ to
find its current-phase relationship (CPR). To model the NiI2 tunnel
barrier, we include a potential barrier hb =Ubarrier δ(x). Additional
details are described in the Methods section.

In Fig. 4c, we present the CPR with and without RSOC for q
oriented along x and y. Here we assume T =0 unless otherwise stated.
The global extrema of the CPR correspond to Ic±. We see Ic+ = ∣Ic−∣when
αR =0. The absence of SDE when αR =0 is due to the exchange inter-
action generating an effective Zeeman field anti-commuting with the
spin-orbit interaction originating from the spiral spin texture (second
term in Eq. (2)). Since the broken TRS and inversion symmetries cor-
respond to terms in the Hamiltonian having orthogonal spin polar-
ization, a non-reciprocal supercurrent cannot develop46. When αR> 0,
this no longer holds, and an SDE develops with a maximum efficiency
of ~6%whenq∥y. Thus, the combinationof helimagnetismandRSOC in
the JJ is sufficient to result in a zero-fieldSDE.Wehave alsoperformeda
phenomenological depairing momentum analysis that leads to a
similar conclusion (see Methods and Supplementary Fig. 10 for
details).

Next, we consider the effects of an external magnetic field and
discuss how a symmetric-in-field SDE generally emerges in a helimag-
netic JJ. To simulate the effects of a magnetic field, we consider an
additional term in Eq. (2): hZ = gμBðB � σÞ=ΔZ=2ðB̂ � σÞ, where B̂ is a
unit vector parallel to B. When the helimagnet spin texture and RSOC
coexist in the JJ, η is an even function ofΔZ if hZ anti-commuteswith the
terms in the Hamiltonian that are: (i) linear in k parallel to the current
direction and (ii) proportional to Jexc. When hZ obeys both anti-
commutation relations, the BdG spectral gap closes symmetrically
with ±ΔZ and η is a purely even function of hZ (see “Methods”). Indeed,
as calculated in Fig. 4d, a Zeeman splitting along the current direction
(B =Bx) leads to a symmetricmodulation of η inΔZ, i.e., a symmetric-in-
field SDE, regardless of the orientation of q. For B = (0, By, Bz), η will
generally have a mixed functional dependence on the applied field
(Supplementary Fig. 7). However, we emphasize that the symmetric
field dependence is ubiquitous in helimagnetic JJs and is the key to the
field resilience in NiI2 JJ (see also Supplementary Fig. 10). This is in
strong contrast to other sources of non-reciprocal switching currents
associated with magnetochiral anisotropy (MCA)7,8,12, finite-
momentum superconductivity23,25,47, Meissner currents10,24 or self-
field effects41,43,48, which are predicted to result in antisymmetric field
dependence of η as we demonstrated in the Gr JJ reference device.

The simulated temperature scaling of ΔIc at zero field for heli-
magnetic JJs is presented in Fig. 4e; the simulations reveal a non-
monotonic behavior regardless of the direction of q. We note that in
our simulations we ignore thermal effects associated with domain
rearrangement in NiI2 and other structural changes since we are con-
cernedwith temperatureswell below theCurie temperatureofNiI2.We
also note that the temperature scaleweuse in simulations corresponds
to temperatures T≲ 1 K, which are below the experimental conditions.
Due to computational limitations on simulating the actual device size
and geometry, we analyze possible sources of non-monotonic tem-
perature scaling in our minimal model and set aside a more detailed
quantitative model for future study. The exchange interaction asso-
ciatedwith the helimagnet pushes the JJ close to a0-π transition,where
a significant second harmonic contribution develops (orange bands in
Fig. 4f) due to Andreev bound state energy level crossings at zero
energy49. Since these states lie near zero energy, their contribution to
the CPR is more quickly washed out at finite temperatures compared
to even lower energy states (blue bands in Fig. 4f), which favor a ϕ = 0
ground state. The competition between the supercurrent carried by
states near zero energy and that by lower states leads to the non-
monotonic scaling shown in Fig. 4e. Thus, a plausible explanation for
the non-monotonic temperature dependence of SDE observed in the
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Fig. 3 | Non-monotonic temperature dependence of supercurrent diode effect
in the NiI2 JJ. a V − I characteristic (switching curves) measured at different tem-
peratures. b V − ∣I∣ characteristic recorded at T ≤ 5 K. The solid and dashed lines
represent 0-p sweep and 0-n sweeps, respectively. The critical transitions are
pointed out by short black line segments with varied widths. c Ic+ and ∣Ic−∣ as a

function of temperature. The inset zooms in on the data at T = 4K, where the sign
change of η appears. The error bars correspond to the 2 μA spacing between the
discrete current values at which data were collected. d η normalized by the max-
imum jηmaxj as a function of temperature for both NiI2 JJ at zero field and Gr JJ at
nonzero field. ηmax is −10% and −20% for NiI2 and Gr JJ, respectively.

Fig. 4 | Multiferroic JJ simulation. a Schematic of the cross junction device where
the supercurrent density Js tends to residenear the surfaces of the superconducting
electrodes. b Schematic of the planar junction corresponding to the SC/heli-
magnet/SC cross-sectionmarked by the red rectangle in panel (a). c The simulated
junction CPR with (solid) and without (dashed) RSOC for q∥x and q∥y. Unless
otherwise stated, parameters used in simulations are: Δ =0.4t, μ = 1.57t,

αR =0.004ta, Jexc =0.3t, Ubarrier = 4t, jqj=0:01 π
a, Lx,s = 300a, Lx,n = 3a, Ly = 10a, and

ξexc = 5a, where t = ℏ2

2m*a2 and a is the tight-binding lattice constant. d Diode rectifi-
cation efficiency η versus Zeeman splitting along x with RSOC for q∥x and q∥y.
e Critical current difference ΔIc = Ic+ − ∣Ic−∣ versus temperature with RSOC. f The
simulated Andreev bound state spectrum for q∥y and B =0.
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experiment is thermal fluctuations preferentially washing out super-
current carried by Andreev bound states responsible for higher har-
monics of the CPR because of exchange interactions in NiI2. It is noted
that the scaling behavior depends on the details of Andreev bound
states and may be modified as other parameters change (see Supple-
mentary Fig. 8)50,51.

Lastly, we discuss the effects of an electric polarization P in a
multiferroic JJ from our simulations (see “Methods” and Supplemen-
tary Fig. 9 for details). Between ±P∥y we see a change in the CPR,
indicating that the SDE can be tuned by flipping P. The latter case
occurs because flipping P simultaneously flips q along the current
direction, whose effect on the SDE is also revealed in Fig. 4d. In addi-
tion, it is noted that the ferroelectric order in NiI2 is closely linked to
the strong SOC of iodine atoms, which could enhance the SDE
in multiferroic JJs. Our simulation suggests that tuning electric
polarization could uniquely manipulate and enhance SDE in
multiferroic JJs.

Our work presents the first demonstration of a field-resilient
supercurrent diode meeting an industrial standard of field-tolerance
(± 10mT) using a multiferroic NiI2 vdW JJ. The key observation lies in
the supercurrent diode that operates persistently not only at zero
field but also under bipolar magnetic fields, matching with industrial
standards for field tolerance. This invention overcomes the sig-
nificant limitation in conventional supercurrent diodes, which are
driven by external magnetic fields and are susceptible to disruption
by stray fields. Our simulations qualitatively capture the main
observations of zero-field SDE, field-resilient SDE, and non-
monotonic temperature dependence of the SDE in NiI2 JJ. Our theo-
retical modeling suggests that the combination of RSOC with heli-
magnetism plays a key role in the SDE in NiI2 JJ, and these features
may prevail in helimagnetic JJs. We point out the possibility of
manipulating and enhancing the SDE by electrical gating in multi-
ferroic JJs, which is an exciting tuning knob to explore in the future.
The discovery may lead to the technology development of multi-
ferroic supercurrent diodes with high field tolerance and tunability,
and can be combined with strategies for enhancing diode efficiency
to open up new possibilities for practical applications in cryogenic
electronic circuits.

Methods
Crystal growth
Single crystals of NiI2 were grown by the chemical vapor transport
technique. The starting materials were mixed in a stoichiometric ratio
(Ni: I2 = 1: 1, 500mg in total) and sealed in 7-inch long silica tubes under
vacuum. The tubes were placed in a single-zone tube furnace, with one
end at the center. The temperature of the furnace was set to 580 °C at
3 °C/minute, dwelt for 60 h, and then set to room temperature at the
same rate. Black single crystals formed at the cold end of the tubes as
hexagonal thinflakes.X-raydiffraction patterns (BrukerD8ECO)of the
single crystals showed a clear (003) characteristic peak at 2θ = 13.42
degrees, in agreement with the crystal structure reported in the Inor-
ganic Crystal Structure Database (ICSD).

High-quality NbSe2 single crystals were prepared using the iodine
vapor transport method52. Stoichiometric amounts of Nb (99.9%; Alfa
Aesar) and Se (99.5%; Alfa Aesar) powders were sealed in an evacuated
quartz tube (1/2 inch diameter) with 2mg/cm3 of iodine as the trans-
port agent, and introduced horizontally into a tube furnace. The
temperaturewas slowly increased to 725 °C,maintained for 3 days, and
followed by furnace cooling down to room temperature. The large
platelet single crystal picked out from the resulting sample was sealed
on one side in another quartz tube along with a newmixture of Nb, Se,
and iodine on the other side and heated through the same procedure.
Subsequently, large and high-quality NbSe2 single crystals were
obtained.

Device fabrication
The bottom contact electrodes were fabricated on SiO2/Si sub-
strates using photolithography and electron beam evaporation
(Ti/Au, 10/40 nm). Thin flakes of h-BN, NbSe2, and NiI2 were
exfoliated onto SiO2/Si substrates using Scotch tape. To assemble
the NiI2 vdW JJ, a piece of h-BN was first picked by the dry transfer
technique14,53, using polypropylene carbonate (PPC) polymer spin-
coated on polydimethylsiloxane (PDMS) as the stamp. Once the
h-BN is picked up, other flakes of the JJ were picked up in the
following order: top NbSe2, NiI2, and then bottom NbSe2. Occa-
sionally, the structure that the h-BN has picked up may be
released on the next target flake and be heated to increase the
cohesion between different layers to facilitate the pick-up pro-
cess. After the entire stack of flakes was completed, the h-BN/
NbSe2/NiI2/NbSe2 vdW JJ structure was released on the bottom
contacts and was ready for transport measurements without
further fabrication. During the dry transfer process, the JJ area
was covered by h-BN the entire time to prevent contamination
due to polymer residue. The graphite/NiI2/graphite tunnel junc-
tion was fabricated in the same way. For the Gr JJ and NbSe2/
NbSe2 devices, the bottom NbSe2 flakes were exfoliated onto
SiO2/Si substrates using Scotch tape. Other flakes were exfoliated
on PDMS and then transferred on top of the bottom NbSe2 flake
one by one. After the entire device stack was completed, it was
picked up using PPC and released on the bottom contacts. The
transfer process was performed in an Ar-filled glove box with H2O
and O2 levels below 1 ppm using a home-built transfer stage. The
two-point contact resistance between different pins was below
100 ohms.

Transport measurements
Resistance and V − I characteristics were measured in a physical
property measurement system (PPMS, Quantum Design Inc.). The
temperature dependence of resistance was taken with the low-
frequency lock-in technique (< 10Hz) with a 2 μA AC current excita-
tion. For the V − I characteristics, DC voltages were measured by a
Keithley 2182 nanovoltmeter and a DC current bias was applied by a
Keithley 6221 current source. The critical current was extracted by first
taking the derivative of V v.s. I data, and the current value corresponds
to the first peak in dV/dI v.s. I was marked as the critical current. If the
transitions were sharp, a constant cutoff voltage may be applied to
extract the critical currents. We found that the choice of extraction
methods does not lead to a significant difference in the interpretation
of the data. The switching curves were employed to extract critical
current, unless stated otherwise. Before zero-field measurements, the
magnetic field was set to 1 T and then oscillated to zero above the
transition temperature of NbSe2 tominimize the effect of the remnant
field on the device behavior.

Numerical simulations
We simulate the current-phase relationship (CPR) of the multiferroic JJ
using the following tight-binding Bogoliubov-de Gennes Hamiltonian:

HðBdGÞ =
X

rn
ψy
rn

ð4+ q2=4Þt � μ+UdipðrnÞ+Ubarrierδxn , 0

� �
τz � σ0

h i
ψrn

+
X

rn
ψy
rn

ΔðxÞ
Z ðrnÞ
2

τz � σx + JexcðrnÞτ0 � σy � ΔðrnÞτy � σy

" #
ψrn

+
X

< rn , rm >
δyn , ym

ψy
rn

�tτz � σ0 + iαRτ0 � σx + itqyhðrn, rmÞτ0 � σz

� �
ψrm

+
X

< rn , rm >
δxn , xm

ψy
rn

�tτz � σ0 � iαRτz � σy + itqxhðrn, rmÞτ0 � σz

� �
ψrm

,

ð3Þ

where ψrn
= ðcrn", crn#, c

y
rn", c

y
rn#Þ

T
, and cyrn ,ρσ (crn , ρσ) is the creation

(annihilation) operator for an electron at site rn with spin σ, and τi and
σi are Pauli matrices. The JJ is defined by the regions − Lx,s− Lx,n/
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2 ≤ x ≤ Lx,s + Lx,n/2 and − Ly/2 ≤ y ≤ Ly/2. Then we have

UdipðrÞ=
κdipðP � rÞ, �Lx, n=2≤ x≤ Lx, n=2

0, otherwise

�

ΔðxÞ
Z ðrÞ= ΔðxÞ

Z , �Lx,n=2≤ x ≤ Lx,n=2

0, otherwise

(

JexcðrÞ=
Jexc jxj≤ Lx,n=2 + ξexc
0, otherwise

�

ΔðrÞ=
Δeiϕ=2, x < � Lx,n=2

Δe�iϕ=2, x > Lx,n=2

0, otherwise

8><
>:

hðrn, rmÞ=
1 jxnj, jxmj≤ Lx,n=2 + ξexc
0, otherwise

�
,

ð4Þ

where ξexc is the characteristic length scale of the exchange proximity
effect in the superconducting leads. To calculate the CPR, we diag-
onalize the tight-binding Hamiltonian to solve for eigenvalues {ϵn(ϕ)}.
At temperature T, the CPR for a short ballistic junction is ref. 54

Isðϕ,TÞ= � 2e
ℏ

X
n
tanh

ϵn
2kBT

� �
dϵn
dϕ

: ð5Þ

In our simulations, we take the superconducting gap to be constant
and only consider kBT ≤0.05Δ, where the suppression of Δ according
to BCS theory is negligible. Using a lattice constant of 10 nm and an
effective electron mass of 0.03 times the bare electron mass, the
superconducting gap is estimated to be 5meV. This is certainly larger
than the gap inNbSe2, but it allows formore faster simulations without
compromising the qualitative accuracy of our results. None of our
conclusions about the zero field SDE, bipolar field resilience, or non-
monotonic T dependence are changed by considering a smaller
superconducting gap in our simulations. Simulation results are
presented in Supplementary Figs. 7 and 8.

Here, we discuss the effect of an electric polarization P in a mul-
tiferroic JJ on its SDE. Numerically, we approximate the electric
polarization with an effective dipole approximation resulting in an
electric potential Udip = κdip(P ⋅ r), where κdip characterizes the perme-
ability of the multiferroic layer. Owing to the perfect conductivity of
the superconducting electrodes, we consider an electric polarization
confined to the normal region of the JJ. Furthermore, we constrain
P × q∥ + z as is required for spin-spiral multiferroic ordering. Supple-
mentary Fig. 9a-c show the Andreev bound state spectra of the mul-
tiferroic JJ with RSOC. Supplementary Fig. 9d shows the T =0 CPRwith
∣P∣ > 0. At T =0 and for ±P∥x, we find that flipping the sign of P∥x does
not affect the diode rectification efficiency or polarity. Here, the
asymmetry introduced in the junction by P leads to an asymmetric
normal resistance, similar to typical ferroelectric diodes.55. On the
other hand, for ±P∥y, flipping P results in a change in the CPR since q
along the current direction is simultaneously flipped. In general, the
tunability of the CPRwith P depends on the details of the junction and
a more systematic study is needed to determine how to optimize the
electric tunability of the CPR by manipulating P.

Depairing momentum analysis
We can consider the heuristic argument given by Yuan and Fu23 to
explore the diode effect in the superconducting helimagnet as it
relates to finite Cooper pair momentum associated with a current
bias. Consider the effect of a depairing momentum ℓ on the energy
spectrum of the superconducting helimagnet, where the

Hamiltonian in Eq. (2) is replaced by

hBdGðk, lÞ=
hðk + l=2Þ � μ Δ

Δ μ� T�1hðk � l=2ÞT

� �
: ð6Þ

Here we focus on ℓ = ℓxx. The key to the heuristic argument given by
Yuan and Fu for a Rahsba superconductor with an in-plane Zeeman
field is that an asymmetry in the closing of the spectral gap
(manifestation of the diode effect) arises when the Zeeman field is
perpendicular to ℓ (i.e., current direction). Mathematically, this
condition is a consequence of the form of the spin-orbit coupling,
e.g., for ℓ = ℓxx, the spin-orbit term and Zeeman terms in the
Hamiltonian are aligned � ‘x +Δ

ðyÞ
Z

� �
σy, effectively shifting the

depairing momentum, see Supplementary Fig. 10a, b. Hence, if the
depairing momentum term in the spin-orbit interaction is perpendi-
cular to the Zeeman field, then there is no asymmetry in the closing of
the spectral gap with ℓ. Given the general form of the spin-orbit
interaction and effective Zeeman splitting in a helimagnet in the
absence of an external magnetic field, we see that it is not possible to
observe an asymmetry in the closing of the spectral gap with ℓ. This
implies centrosymmetric superconducting helimagnets generally will
not show a diode effect associated with a depairing momentum
mechanism. Now, if we consider Rashba spin-orbit coupling (RSOC) as
discussed in themain text, wefind that a non-reciprocal critical current
develops in our simulations. Incorporating RSOC into the helical
superconductivity analysis above, the SDE in the depairingmomentum
emerges as an asymmetric suppression of the gap with the depairing
momentum, see Supplementary Fig. 10c–f.

To picture the even-in-H SDE observed in the experiment, it’s
helpful to consider how hZ affects the spectral gap of a super-
conducting helimagnet with RSOC. Introducing a depairing
momentum into the BdG Hamiltonian will result in an indirect gap
closing in the dispersion, as discussed above. Phenomenologically,
the indirect gap closing in superconductors with SDE will be
asymmetric in the depairing momentum23. Now, the Zeeman effect
tends to suppress the spectral gap of a superconductor with spin-
singlet pairing due to a spin population imbalance. In our case, we
find SDE will be symmetric in ΔZ when hZ causes the spectral gap to
close directly, i.e., it does not contribute to an indirect spectral gap
suppression, favoring a finite depairing momentum. This is shown
explicitly in Supplementary Fig. 10g–j, where the effect of the
depairing momentum is symmetric in ΔðxÞ

Z whereas this ideal sym-
metry is lifted with ΔðzÞ

Z .

Data availability
The data that support the findings of this study are available within the
article and its Supplementary Information files. All data generated
from this study are available from the corresponding authors upon
request.
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