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Supercurrent diode with high
winding vortex
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Nonreciprocal supercurrent refers to thephenomenonwhere themaximumdissipationless current in a
superconductor depends on its direction of flow. This asymmetry underlies the operation of
superconducting diodes and is often associated with the presence of vortices. Here, we investigate
supercurrent nonreciprocal effects in a superconducting weak-link hosting distinct types of vortices.
We demonstrate how the winding number of the vortex, its spatial configuration, and the shape of the
superconducting lead can steer the sign and amplitude of the supercurrent rectification. We identify a
general criterion for optimizing the rectification amplitude based on vortex patterns, focusing on
configurations where the first harmonic of the supercurrent vanishes. We prove that supercurrent
nonreciprocal effects can be used to diagnose high-winding vortex and to distinguish between
different types of vorticity. Our results provide a toolkit for controlling supercurrent rectification
through vortex phase textures and detecting unconventional vortex states.

Vortices represent fundamental topological excitations in superfluids and
superconductors. They have been predicted and successfully observed in a
broad range of systems, including superconductors1, liquid helium2–4,
ultracold atomic gases5, photon fields6, and exciton-polariton condensates7,8.
Vortices are generally characterized by a quantized phase winding and a
suppressed order parameter at their core. A gradient of the phase ϕ of the
superconducting order parameter Δ ¼ jΔj expðiϕÞ yields a circulating
supercurrent around the core of the vortex, whereas the amplitude is
vanishing, i.e. ∣Δ∣→ 0. For conventional superconductors, due to the single-
valuedness of the superconducting order parameter, the winding number
associated with the phase gradient is forced to be an integerV0. In principle,
V0 can assume values larger than one. Apart from having V0 vortices with
winding number equal to one, a giant vortex with winding number V0 can
also be realized. A giant vortex is expected to be relevant in small
superconductors with confined geometries. To date, probing of such
unconventional vortex state has been mostly addressed by magnetic
means in suitably tailored geometric configurations, e.g., by Hall probe9–11

and scanning SQUID microscopy12, or by tunneling microscopy and
spectroscopy13–17.

Here, we unveil a specific relation between the occurrence of vortex
states with any given winding number in a Josephson weak-link and the
rectification of the supercurrent flowing across the junction. Supercurrent
rectification is a timely problem at the center of intense investigation18–24. A
large body of work devoted to supercurrent rectification focuses on

superconducting states marked by linear phase gradients with, for instance,
Cooper pair momentum25–27, spin-flipper by ferromagnets28, or helical
phases29–33, aswell as screening currents34,35, and supercurrent related to self-
field36,37 or back-action mechanisms38. Vortices or circular phase gradients,
associated to conventional winding, are also expected to yield supercurrent
diode effects, due to the induced Josephson phase shift39, and their role has
been investigated for a variety of physical configurations37,40–49. However,
whether and how superconducting phase patterns with nontrivial winding
for the vorticity can be probed by nonreciprocal response, which are pro-
blems not yet fully uncovered.

By studying nonreciprocal supercurrent effects arising from distinct
typesof vortexphase texture in Josephsonweak-links, in this paper,we show
that while a superconducting phase with vortices can generally lead to
nonvanishing supercurrent rectification, the sign and amplitude of the
rectification in the Josephson diode effect can be manipulated by the posi-
tion of the vortex core and the winding of the phase vortex. We thereby
uncover a general criterion to single out which phase vortex configuration
can maximize the rectification amplitude of the supercurrent. Our findings
provide a toolkit for the design and control of supercurrent rectification by
vortex phase texture.

Results and Discussion
In this section,we study the supercurrent rectificationby examiningone and
two vortices situated within the superconducting lead of the junction and
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assuming that the core position can be varied and it can be marked by
different winding numbers. We would like to point out that to realize
nonreciprocal superconducting phenomena, it is essential to break both
inversion and time-reversal symmetries. This condition is crucial for
establishing nonreciprocal behavior in superconducting transport, and it
can be directly inferred in a superconducting weak link, for example, from
the parity properties of the current-phase relation with respect to the phase
bias. In the examined system, these symmetries are broken by the presence
of vortices in the superconducting leads. Specifically, when analyzing the
junction with either one or two vortices, the system lacks a center of
inversion and is not invariant under time-reversal symmetry. For example,
considering a single vortexonone side of the junction, there areno inversion
centers, and the phase pattern does not remain invariant under time
reversal. These symmetry considerations directly influence the current-
phase relation of the Josephson junction. Specifically, the relation features a
first harmonic with even parity, which implicitly reflects the broken time-
reversal symmetry. Additionally, the second harmonic contains both even-
and odd-parity components with respect to the applied phase bias.
Although the odd-parity component can exist regardless of the vortex
presence when the junction is outside the tunneling regime, the even-parity
contribution arises from the vortex-induced symmetry breaking. Then, we
note that the rectification amplitude is generally nonzero when a nontrivial
even-parity first harmonic coexists with the second harmonic component.
Our results thus will demonstrate that the vortex plays a role in the recti-
fication process of the supercurrent by generating a nonzero even-parity
first harmonic term. In particular, the position of the vortex affects both the
amplitude of the first harmonic term and the second harmonic component,
too, thus resulting in a modulation of the sign and amplitude of the
supercurrent rectification. Here, we adopt a superconducting phase profile
designed to qualitatively capture the main features of the giant vortex as
observed in relevant experiments13,15,50–52 anddiscussed in several theoretical
studies53–59. However, this approach does not incorporate the boundary-
induced corrections required to fully satisfy supercurrent conservation at
the sample edges.While such corrections are known to play a crucial role in
stabilizing high-winding-number vortices, particularly in finite-size
systems54–59 or in the presence of strong pinning53, we point out that a
self-consistent treatment of the superconducting phase, accounting for
boundary effects, lies beyond the scope of the present study.

Supercurrent rectification: single vortex configuration
To investigate the rectification properties of the supercurrent in the junc-
tion, we start by considering a single vortex configuration assuming a
variable winding number and core position as illustrated in Fig. 1. The
vortex is placed on the left side of the junction, but the results for vortices on
the right side of the junction can be directly obtained by applying an
inversion symmetry transformation and considering that it leads to a sign
variationof the rectification amplitude (see Supplementary Info - SectionB).
Antivortex configurations through mirror and time-reversal transforma-
tions can also be directly deduced from the results of the single vortex (see
Supplementary Info - Section B). To simulate the vortex state with the core
at a given position, rL0 ¼ ðxL0 ; yL0Þ, the phase value at the site j in the left-side
superconductor is given by (Fig. 2a)

φL
v ð j; rL0Þ ¼ VL

0 arg½ðjxa� xL0Þ þ iðjya� yL0Þ�; ð1Þ

withVL
0 being the winding number of the vortex. φL

v ð j; rL0Þ reverses its sign
by changing the sign of VL

0 , and jVL
0 j corresponds to the number of sign

changes in the real space j for the phase valuewhenwinding around the core
of the vortex. The pair potential ΔL and ΔR for spin-singlet s-wave state are
given by

ΔL ¼ jΔ0jeΘð j; rL0ÞeiφL
v ð j;rL0 Þ ð2Þ

and ΔR = ∣Δ0∣ with ∣Δ0∣ = 0.02t being the superconducting energy gap
amplitude. In the presence of a phase vortex texture, the amplitude of the

pair potential ΔL is modified by eΘLð j; rL0Þ for each site j:

eΘLð j; rL0Þ ¼ tanh
j ja� rL0 j

zL0

� �
; ð3Þ

with zL0 ¼ 10a being the vortex size.
In Fig. 2b–m,we display the rectification amplitude for various vortex

winding values while altering the position of the vortex core. We consider
α = 3/2 and α = 1 as representative cases for the aspect ratio of the
superconducting lead. The analysis for all vortex windings is performed by
scanning the vortex core position within the superconducting lead along
the longitudinal (x) and lateral direction y. We start by considering a
conventional vortex with winding VL

0 ¼ 1. The outcome of the study
indicates that the rectification tends to vanish and changes the sign if the
vortex core is placed at the crossing of the longitudinal and transverse
mirror lines of the left superconducting lead [Fig. 2 (b,c)]. For the geometry
of the junction, these symmetry lines correspond to the y~ 0 and x~− 22a
axes. Other vortex core positions away from the symmetry lines give a
negligible rectification. One can also observe that the maximum of the
rectification occurs nearby these nodal points at a distance that is set by the
vortex core size zL0 . The behavior of the supercurrent rectification can be
understood by inspection of the amplitude of the first harmonics in the
current phase relation. For instance, placing the vortex core along the
longitudinal directionat a differentdistance from the interface,wefind that
the value of the first odd-parity harmonic (I1) changes sign at x ~ − 22a
[Fig. 2 (d)]. Then, this configuration allows for a sign change of the time-
conserving component of the supercurrent and thus for an effective 0-π
Josephson phase transition. For such a position, one can observe that the
even-parity first harmonic (J1) and the odd-parity second harmonic (I2)
components have a small amplitude and are comparable to that of I1.
Instead, when considering the evolution of η as a function of the
lateral coordinate y we find that the sign change of η occurs nearby y ~ 0.
Now, the sign reversal is guided by the first even-parity harmonic term (J1)
in the current phase relation [Fig. 2e]. The J1 component sets out the
amplitude of the spontaneous supercurrent induced by the presence of the
vortex at zero applied phase bias (i.e.,φ=0). Both the scan along the x and y
directions indicate that the rectification amplitude is maximal (of the
order of 20%) for vortex core positions rL0 that correspond to
configurations for which the first harmonics of the supercurrent have
comparable strength. This tendency towards optimal rectification of the
supercurrent is an expected outcome that can be directly inferred from the
analysis of a Josephson system exhibiting current-phase relationships with
generic yet comparable amplitudes for (I1), (I2), and (J1) (

60) (see Supple-
mentary Info - Section B). In Section C of the Supplementary Info, we
present the current-phase relationship profiles for several representative
vortex configurations. The harmonic content depicted in Fig. 2 has been
derived from the current-phase relationships evaluated for each corre-
sponding vortex configuration.

Moving to even high-winding, VL
0 ¼ 2, we find that the maximal

amplitude of the rectification occurs for vortex core positions that are now
closer to the lateral edges of the superconductor but still midway from the
interface (Fig. 2f, g). Inspection of the harmonic content of the current phase
relation confirms that the sign change of the rectification amplitudeηoccurs
when J1 reverses its sign (Fig. 2h, i). Furthermore, we find that the sign
change of η does not directly follow the I1 sign change and themaximumof
the rectification (η~ 25%) arises for vortex core positionswhose I1, I2, and J1
have comparable size. Let us then consider a vortex with odd high-winding
number VL

0 ¼ 3 assuming a square (α = 1) shape for the superconducting
lead (Fig. 2j–m). For VL

0 ¼ 3, we observe that the maximal values of the
rectification amplitude occur for the vortex core position that is away from
themirror lines of the superconducting lead (Fig. 2j, k). The rectification can
reach 30% amplitude, and there aremultiple positions of the vortex core for
which η is vanishing (Fig. 2j, k). Now, when considering the specific case of
the current phase relation in the presence of a vortex, since the second
harmonic components are usually smaller than the first harmonic, then the
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condition to become comparable in amplitude is usually met when the first
harmonics are vanishingly small or change sign. This happens, e.g., nearby
xL0 ¼ 22a or 7a, and in general, nearby the points where the first harmonics
become vanishing. In this context, the appearance of a dip and the peak
around specific vortex core positions (see Fig. 2b) results from the simul-
taneous fact that the first odd-parity harmonic reverses sign and that the
amplitudes of the first and second harmonics are of similar magnitude.

The analysis indicates that a key element to maximize the rectification
is represented by the search for vortex configurations for which the first

harmonics (even and odd-parity) are concomitantly almost vanishing. This
is a general rule to get large rectification60 (see Supplementary Info - Sec-
tion D). To this aim, one can make an analytical analysis of the first har-
monics by considering the direct process of Cooper pairs transfer across the
junction as given by61,62

eIðφ; rL0Þ / 1

NL
xNy

X
jx ;jy

Im½ΔLð j; rL0ÞΔ�
R�: ð4Þ

Fig. 1 | Image of Josephson junctions with a vortex. a Schematic of a Josephson
junction in the latticemodel with a vortex phase texture. SC-L,N, and SC-Rmean the
Left-side superconductor (SC), the Normal metal, and the Right-side SC. NL

x , N
R
x ,

NN
x , Ny, and a denote the number of sites in the left and right-side SCs, and in the

normal metal along the x-direction, and number of sites along the y-direction, and
lattice constant. rL0 ¼ ðxL0 ; yL0 Þ is the core position. b A representative nonreciprocal

current phase relation with φ being the phase bias across the junction. c, d Sketch of
the superconducting weak link with a vortex placed on the left side of the junction.
We show two representative vortex positions along the lateral direction. Since the
supercurrent pattern is spatially modified by the phase vortex, it can become non-
reciprocal, i.e., the forward supercurrent I+ is different from the backward one I−.
The vortex winding, VL

0 , can take any integer number l.
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Taking into account the form of the superconducting order parameter we
have that:

eIðφ; rL0Þ / 1

NL
xNy

X
jx ;jy

eΘLð j; rL0Þ

× ½sinφ cosφL
v ð j; rL0Þ þ cosφ sinφL

v ð j; rL0Þ�:
ð5Þ

This relation is general and can be applied to any type of vortex phase
texture.Here, from this expression, we can deduce how the nonreciprocal
supercurrent directly links to the winding of the phase vortex. Focusing
on the coefficients of sinφ and cosφ, the structure of the vortex indeed
directly impacts the even and odd-parity components of the first
harmonics of the supercurrent. For convenience and in order to
primarily extract the angular dependence of the harmonic content, we
neglect the amplitude variation in the vortex core. Hence, the effective
first harmonics components �I1ðrL0Þ and �J1ðrL0Þ of eI are substantially

given by

�I1ðrL0Þ ¼
1

NL
xNy

X
jx ;jy

cosφLð j; rL0Þ; ð6Þ

�J1ðrL0Þ ¼
1

NL
xNy

X
jx ;jy

sinφLð j; rL0Þ: ð7Þ

We checked that the spatial variation of the superconducting order para-
meter in the core of the vortex does not alter the qualitative conclusions of
the analysis.

We find that their nodal lines can cross in different sites
depending on the winding number and aspect ratio of the super-
conducting lead [Fig. 3]. In particular, for the case of even winding,
VL

0 ¼ 2, the breaking of C4 rotational symmetry for a rectangular-
shaped superconductor induces a shift of the nodal line of the odd-

Fig. 2 | Space dependence of rectification amplitudes with a vortex. a Schematic
illustration of the Josephson junction with real-space coordinates. The analysis is
performed for a vortex configuration having winding number VL

0 ¼ þl with
l = 1, 2, 3. SC-L, N, and SC-R mean the Left-side superconductor (SC), the Normal
metal, and the Right-side SC.NL

x ,N
R
x ,N

N
x ,Ny, and a denote the number of sites in the

left and right-side SCs, and in the normalmetal along the x-direction, and number of
sites along the y-direction, and lattice constant. Evolution of the rectification
amplitude η with regard to the vortex core coordinates for different winding
numbers: (b, c) VL

0 ¼ 1, (f, g) VL
0 ¼ 2, and (j, k) VL

0 ¼ 3. Spatially resolved har-
monics of the supercurrent: I1 (red-solid line), I2 (green-dotted), and J1 (blue-
dashed) indicate the odd-parity first harmonic, the odd-parity second harmonic, and
the even-parity first harmonic amplitude, respectively. Longitudinal scan: I1, I2, and

J1 at a given yL0 as a function of x
L
0 for (d)V

L
0 ¼ 1, (h)VL

0 ¼ 2, and (l)VL
0 ¼ 3. Lateral

scan: I1, I2, and J1 at a given xL0 as a function of y
L
0 for (e)V

L
0 ¼ 1, (i)VL

0 ¼ 2, and (m)
VL

0 ¼ 3. The gray dotted lines refer to the position of the maximal rectification and
are a guide to indicate the values I1, I2, and J1. We set yL0 as (b, d) 0.5a and (f, h, j, l)
5.5a, and xL0 as (c, e, g, i) − 23a and (k,m) − 6a. The aspect ratio is (b–i) α = 3/2 and
(j–m) α = 1. The maximal rectification η occurs for vortex core positions corre-
sponding to a supercurrentwith I1, I2, and J1 components that are comparable in size.
The sign change of η is related to the vanishing of J1 and to the zeros of I1 when the
amplitude is comparable to J1. Multiple sign reversals of η are observed for VL

0 ¼ 3.
Parameters: ∣Δ0∣ = 0.02t (superconducting energy gap amplitude), tint = 0.90
(transparency at the interface), NN

x ¼ 10, Ny = 30, and zL0 ¼ 10a (vortex size).
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harmonic �I1 towards the edge of the superconductor (Fig. 3d, e).
Then, the crossing with the nodal lines for �J1 shifts from ðxL0 ; yL0Þ ¼
ð�22a; 0Þ to ðxL0 ; yL0Þ � ð�22a; ± 10:5aÞ. When considering a vortex
with winding VL

0 ¼ 3, due to the higher angular components, the
crossings of the vanishing lines for �I1 are in multiple points within
the superconducting domain at ðxL0 ; yL0Þ � ð�7a; ± 7:5aÞ and
( − 22a, ± 7.5a) [Fig. 3g, h). To verify how the spatial profile of the
rectification amplitude varies with different vortex states character-
ized by their winding numbers, we performed numerical computa-
tions of the supercurrent in the superconducting junction. These
calculations reveal that the rectification pattern exhibits distinct
spatial features depending on the vortex winding number. As illu-
strated in Fig. 3c, f, i, the pattern of rectification amplitude changes
qualitatively with different vortex states. Specifically, for the case
where the vortex has a winding number VL

0 ¼ 1, there is a single
region where the rectification amplitude vanishes. This region cor-
responds to the mirror symmetry line with respect to the

transformation y → − y. The sign change of the rectification
amplitude primarily occurs when crossing this horizontal mirror line
at y = 0. In contrast, for a vortex with winding number VL

0 ¼ 2, the
spatial pattern features two lines where the rectification amplitude
changes sign. These sign-change lines are associated with the vortex
core’s position relative to the interface, which can move from regions
far from the interface to those closer to it. As the vortex winding
number increases further to VL

0 ¼ 3, the number of nodal lines—i.e.,
lines where the rectification amplitude vanishes—expands to four,
indicating a more complex spatial structure of the supercurrent
distribution influenced by the vortex’s winding number. These
findings confirm the qualitative expectation based on the analysis of
the first harmonics of the current phase relation.

Supercurrent rectification: two-vortex configuration
Next, we show the rectification caused by two vortices in one lead of the
superconducting junction. The pair potential with two vortices in the left-

Fig. 3 | Evaluation of the first and second harmonics and the rectifications as a
function of the space with a vortex. Amplitude of the first harmonics of the
Josephson current and the rectification versus the vortex core positions rL0 ¼ ðxL0 ; yL0 Þ
for different vortex winding VL

0 : (a–c) V
L
0 ¼ 1, (d–f) VL

0 ¼ 2, (g–i) VL
0 ¼ 3. �I1, �J1,

and η indicate the odd- and even-parity first harmonics of the supercurrent eval-
uated by the direct Cooper pairs tunneling and the amplitude of the rectification. The
color bars indicate the amplitude of (a, d, g) �I1ðrL0 Þ, (b,e,h) �J1ðrL0 Þ, and (c, f, i) the
rectification amplitude η. In (a, b, d, e, g, h), gray-dotted and dashed lines stand for

the vortex core positions, yL0 and x
L
0 , evaluated in Fig. 2. The aspect ratio is (a–f) α=3/

2 and (g–i) α = 1. In (c, f, i), the rectification amplitude is evaluated by scanning all
the positions of the vortex cores by performing the computation of the supercurrent
for the weak link, assuming the following parameters: ∣Δ0∣ = 0.02t (superconducting
energy gap amplitude), tint = 0.90 (transparency at the interface),NN

x ¼ 10,Ny = 30,
and zL0 ¼ 10a (vortex size).
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side superconductor is expressed by:

ΔLð j; rL0 ; rL1Þ ¼ jΔ0j
Y1
m¼0

eΘmð j; rmÞeiφ
L
vmð j;rmÞ; ð8Þ

with

eΘmð j; rmÞ ¼ tanh
jj� rLmj

zLm

� �
; ð9Þ

the size of vortices zLm, and the core positions rLm ¼ ðxLm; yLmÞ for m = 0, 1.
Each phase vortex is given by

φL
vmð jÞ ¼ VL

m arg½ðjxa� xLmÞ þ iðjya� yLmÞ�; ð10Þ

where V m is the number of windings for each phase vortex.
We plot the rectification and Josephson components (I1, I2, and J1) as a

function of the literal direction eyL1 in a representative case [Fig. 4]. Then we
set the position of one phase vortex at ðxL0 ; yL0Þ ¼ ð�30a; 0:5aÞ. We choose
each winding number as (Fig. 4b, d) ðVL

0 ;V
L
1Þ ¼ ðþ1;þ1Þ and (c,e)

ðVL
0 ;V

L
1Þ ¼ ðþ1;�1Þ. For ðVL

0 ;V
L
1Þ ¼ ðþ1;þ1Þ, the rectification is

enhanced up to 40% near yL1 ¼ 0 (Fig. 4b) owing to the comparable
Josephson components ∣I1∣ ~ ∣I2∣ ~ ∣J1∣ (Fig. 4d). On the other hand, for
ðVL

0 ;V
L
1Þ ¼ ðþ1;�1Þ, because ∣I1∣ is larger than ∣I2∣ and ∣J1∣ (Fig. 4e), the

amplitude of the rectification is small compared with that for ðVL
0 ;V

L
1Þ ¼

ðþ1;þ1Þ (Fig. 4c). Thus, the same sign for winding is favorable for
enhancing the rectification.

Based on the discussion in the case of one-phase vortex, we can also
define �I1 and �J1 in this case. �I1ðrL0 ; rL1Þ and �J1ðrL0 ; rL1Þ are given by

�I1ðrL0 ; rL1Þ ¼
1

NL
xNy

X
jx ;jy

cosφL
v ð j; rL0 ; rL1Þ; ð11Þ

�J1ðrL0 ; rL1Þ ¼
1

NL
xNy

X
jx ;jy

sinφL
v ð j; rL0 ; rL1Þ; ð12Þ

with φL
v ð j; rL0 ; rL1Þ ¼ φL

v0ð j; rL0Þ þ φL
v1ð j; rL1Þ. Fixing the position of one

phase vortexat ðxL0 ; yL0Þ ¼ ð�30a; 0:5aÞ, weplot�I1ðrL0 ; rL1Þ and�J1ðrL0 ; rL1Þ for
the rL1 space as shown inFig. 5. For ðVL

0 ;V
L
1Þ ¼ ðþ1;þ1Þ shown inFig. 5a, c,

since nodal lines appear around xL1 � �11a for �I1 and yL1 � 0 for J1, the
amplitude of I1 and J1 are small near these lines, respectively. For
ðVL

0 ;V
L
1Þ ¼ ðþ1;�1Þ, we obtain �I1 ≤ 0 and the nodal line around yL1 � 0

for J1 (Fig. 5b, d). Basedon these�I1 and J1, ∣I1∣ is larger than I1 and J1 (Fig. 4d).
Thus, using �I1 and �J1 is generic way to express I1 and J1.

Conclusions
Wehave demonstrated that nonreciprocal supercurrents are achieved in the
presence of high-winding vortex and multiple vortices. The resulting
behavior contains distinct features that can be exploited to distinguish

Fig. 4 | Space dependence of rectificationswith two
vortices. a Schematic illustration of two vortices in
the left-side superconductor. SC-L, N, and SC-R
mean the Left-side superconductor (SC), the Nor-
mal metal, and the Right-side SC. rLm ¼ ðxLm; yLl Þ
with m = 1, 2 indicate core position for each vortex.
VL

0;1 mean thewinding number of each phase vortex.
NL

x , N
R
x ,N

N
x , Ny, and a denote the number of sites in

the left and right-side SCs, and in the normal metal
along the x-direction, and number of sites along the
y-direction, and lattice constant. b, c Rectification η
and (d, e) I1, I2, J1 as a function of the literal direction
yL1 for each (b, d) ðVL

0 ;V
L
1 Þ ¼ ðþ1;þ1Þ and (c, e)

ðVL
0 ;V

L
1 Þ ¼ ðþ1;�1Þ. We set the core positions as

ðxL0 ; yL0 Þ ¼ ð�30; 0:5Þ and xL1 ¼ �15.
I0 = 0.122∣Δ0∣(2e/ℏ) stands for the maximum
Josephson current without any phase vortices in
superconductors. We select the parameters:
∣Δ0∣ = 0.02t (superconducting energy gap ampli-
tude), tint = 0.90 (transparency at the interface),
NL

x ¼ NR
x ¼ 45, NN

x ¼ 10, Ny = 30, and zL0 ¼ zL1 ¼
10a (each vortex size).
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physical configurations with vortices having winding number equal to one,
coexistence of vortices and antivortices, or the occurrence of a giant vortex.
In particular, we uncover the spatial profile of the supercurrent rectification
with respect to the vortex core position.The rectificationpatterndepends on
the number ofwindings, with an increase in thewinding number producing
more complex nodal structures. We find that for VL

0 ¼ 1, a single sign
change line exists, while for 2 and 3, multiple lines and nodal points appear,
demonstrating how winding number shapes the spatial rectification beha-
vior. Our findings indicate that the achieved vortex diodes do not exhibit a
high rectification efficiency. However, in this context, unlike semi-
conducting diodes, there are no fundamental reasons to exclude the use of
superconducting diodes in superconducting electronics and quantum cir-
cuitry, even if their rectification efficiency does not reach 100%. Recent
reports indeed highlighted the potential use of superconducting diodes in
diverse applications63–65, demonstrating that even with low rectification
efficiencies, superconducting diodes can effectively perform functions such
as alternating current (AC) to direct current (DC) conversion and rectifi-
cation. In particular, one of the primary applications of superconducting
diodes involves convertingAC toDC at low temperatures to generate stable
and adjustable DC bias currents from radiofrequency signals. They achieve
this with a rectification efficiency below 50% exploiting vortex dynamics,
with the nonreciprocal critical current that arises from the asymmetric
expulsionof vortices fromthe superconductingnanostructure. Inour vortex
diode design, instead,we assume that the nonreciprocal supercurrent can be
controlled by the vortex position within the junction, without the need to
move the vortex itself, where one can achieve rectification amplitudes of the
order of 30%. In this framework, it isworth pointing out that, with respect to
the design of vortex diodes and control knobs, vortices can be manipulated
(e.g., displaced, introduced, or removed) bymagneticfield39,66,67, current68–70,
light71,72, and mechanical strain73.

We would like to discuss how the achieved results depend on system
parameters like temperature, junction interface, and disorder. Within our
model description, the effects of temperature are to substantially reduce the
amplitudeof the superconductingorderparameter.Hence,wedonot expect
qualitative changes but rather a modification of the amplitude of the
supercurrent. Regarding the disorder, as shown in Section D of the Sup-
plementary Information, we find that the rectification amplitude is not
much altered by the local disorder potential. What is more relevant is the
junction transparency as it enters to modify the second harmonic

component of the supercurrent, as predicted by the Kulik-Omelyanchuk
theory, for a superconductingweak link.Wehave examined the rectification
amplitude for a representative vortex configuration in terms of the junction
transparency for a representative vortex configuration (see Supplementary
Information - Section D). Our results confirm that the rectification ampli-
tude gets suppressedwhen the superconducting junction is brought into the
tunneling regime.

It is also interesting to comment on the possibility of having a coex-
istence of vortex states and finite momentum pairing, a physical scenario
that might lead to nontrivial effects for the superconducting vortex diode.
However, it is unlikely that the vortex phase enables the formation of finite
momentum pairing. This can happen for large values of the applied mag-
netic field when a vortex lattice can coexist with a finitemomentum pairing
of the FFLO type74). This is, however, in a regime of an applied magnetic
field, which is beyond the examined cases in our paper because the coex-
istence occurs close to the upper critical field. Our study refers to a small
applied magnetic field where only a few vortices nucleate into the
superconductor.

We would also like to mention that our results refer to short super-
conducting junctions. In short Josephson junctions, the current phase
relation’s structure and strong coupling can enhance diode efficiency by
creating pronounced asymmetries. Instead, long Josephson junctions (LJJs),
with their complex phase dynamics and fluxon motion, can manifest dif-
ferent mechanisms for the diode effect. The fluxonium diode, for instance,
employs a control line to induce magnetic field asymmetry, though its
performance remains not fully tested75,76. Another concept involves a single
annular junctionwith a control line requiringpreciseflux insertion77. Recent
advances include asymmetric inline LJJs demonstrating sizable super-
conductingdiode effects78.A suitableplatform toobserve these effects canbe
based on Josephson junctions made of nanoislands in the presence of an
applied magnetic field13. It is known that giant vortices can be induced by a
magnetic field for superconductors with coherence length much smaller
than themagnetic penetrationdepth (e.g., Pb orNbbasednanostructures)13.
In particular, as demonstrated by the theoretical and experimental results in
ref. 13, for systemswith a size approximatelyfive times the coherence length,
the application of a magnetic field on the order of tens of millitesla can
induce transitions involving changes in the vortex winding configurations.
Our calculations are based on a system size and coherence length that align
with this analysis. Then, starting from a low magnetic field configuration

Fig. 5 | Evaluation of the first and second harmo-
nics Josephson current with two vortices. a, b �I1
and (c, d) �J1 for the r

L
1 ¼ ðxL1 ; yL1 Þ space at (a, c)

ðVL
0 ;V

L
1 Þ ¼ ðþ1;þ1Þ and (b, d)

ðVL
0 ;V

L
1 Þ ¼ ðþ1;�1Þ. The color bars indicate the

amplitude of (a, c)�I1ðrL0Þ and (b,d)�J1ðrL0Þ.We set the
core positions as ðxL0 ; yL0 Þ ¼ ð�30a; 0:5aÞ and the
vortex size as zL1 ¼ 10a (NL

x ¼ NR
x ¼ 45 and

Ny = 30). The Gray line indicates the scanning site
in Fig. 4.
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with a vortex having, for instance, windingVL
0 ¼ 1 nearby the center of the

superconducting lead, the transition to a higher winding vortex state by the
increase of the magnetic field will be accompanied by a sizable variation of
the rectification.Detection of such transitions can be used to probe the high-
winding vortex phase.

Along this line, one can also envision a field-free platform79 with cir-
cular current flow inducing high-winding vortices that concomitantly yield
supercurrent rectification (see Fig. 6). The described setup provides a
potential approach to investigating nonreciprocal phenomena through the
manipulation of high-winding vortices. By utilizing an external current to
induce a vortex in a proximitized superconductor and examining the
resulting supercurrent behavior across a weak link, this configuration offers
a means to characterize and understand the underlying physics of non-
reciprocity in superconducting systems with nontrivial vortex states. Such
insights could pave the way for advanced superconducting devices with
directional control and enhanced functionalities. Moreover, since a generic
phase vortex texture can be expanded in harmonics by employing vortex
configurations with different windings, then, in principle, our results pro-
vide a toolkit to design the supercurrent rectification for a wide variety of
superconducting phase patterns.

Method
In this section, we present the model Hamiltonian in real space for the
superconducting leads, along with the methodology we used to analyze the
current-phase relationship and to identify the maximum supercurrent that
can flow in both directions across the junction.

Model Hamiltonian
Weconsider a planar superconductingweak-linkwith the geometry shown in
Fig. 1a. For convenience, the system size is expressed as Nya× ðNL

x þ NN
x þ

NR
x ÞawithNy being the lateral number of sites,NL;R;N

x the site numbers in the
left (L), right (R) andnormal (N) regionof the superconductingweak-link, and
a is the lattice length, respectively. The superconducting order parameter on
the left and right side of the junction is given by ΔL;Re

iφL;R .
The Hamiltonian describing the superconducting junction illustrated

in Fig. 1 (a) is written as

bH ¼ P
jx ;jy

P
j0x ;j

0
y

bCyðjx; jyÞbHðjx; jy; j0x; j0y; φÞbCðj0x; j0yÞ; ð13Þ

with φ = φL− φR being the phase difference between the superconducting
order parameters in the two sides of the junction and j = (jx, jy) with
jx 2 ½�NL

x þ 1;NN
x þ NR

x � and jy ∈ [− (Ny− 1)/2, (Ny− 1)/2] indicating
the site indices in the real space.Here, hjx; jy; j0x; j0yi indicates the summation

within the nearest-neighbor hopping, and bCyðjx; jyÞ ¼ ½cyjx ;jy ;"; cjx ;jy ;#�
denotes the creation operator at j. Because we do not consider any
symmetry breaking in the normal state, the number of the basis can be

2ðNL
x þ NN

x þ LRx ÞNy , not 4ðNL
x þ NN

x þ LRx ÞNy . Then bHðjx; jy; j0x; j0y;φÞ is
given by

bHðjx; jy; j0x; j0y;φÞ ¼ bHL þ bHR þ bHN þ bHL
J þ bHR

J ; ð14Þ

with the Hamiltonian in the Nambu space bHL;N;R
and the tunneling partbHL;R

J . The detail of the Hamiltonian is described by

bHL ¼
X0

jx¼�NN
x þ1

XðNy�1Þ=2

jy¼�ðNy�1Þ=2
ð�εÞcyjx ;jy ;"cjx ;jy ;"
h

� tcyjx ;jyþ1;"cjx ;jy ;" � tcyjxþ1;jy ;"cjx ;jy ;"

þ ΔLðjx; jyÞcjx ;jy ;"cjx ;jy ;#
i
þ h:c:;

ð15Þ

bHN ¼
XNN

x

jx¼1

XðNy�1Þ=2

jy¼�ðNy�1Þ=2
ð�εÞcyjx ;jy ;"cjx ;jy ;"
h

� tcyjx ;jyþ1;"cjx ;jy ;" � tcyjxþ1;jy ;"cjx ;jy ;"
i
þ h:c:;

ð16Þ

bHR ¼
XNN
x þNR

x

jx¼NN
x þ1

XðNy�1Þ=2

jy¼�ðNy�1Þ=2
ð�εÞcyjx ;jy ;"cjx ;jy ;"
h

� tcyjx ;jyþ1;"cjx ;jy ;" � tcyjxþ1;jy ;"cjx ;jy ;"

þ ΔRðjx; jy;φÞcjx ;jy ;"cjx ;jy ;#
i
þ h:c:;

ð17Þ

with the on-site energy term ε=− 0.25t, the energy gap functionwith spin-
singlet s-wave state ΔL;Re

iφL;R , and the nearest neighbor hopping terms tx,y.
In the present study, the pairing amplitude is on-site and included in the
local term of the Hamiltonian for the left and right-side superconductors.
We point out that the position dependence of the order parameter
ΔR(jx, jy;φ) takes into account the change in the phase and amplitude due to
the presence of the vortices. This is a convenient approach that can be
generally applied for analyzing the effects of nonstandard vortices without
explicitly incorporating the source responsible for generating the vortex.
The tunneling Hamiltonian is expressed as

bHL
J ¼

XðNy�1Þ=2

jy¼�ðNy�1Þ=2
½�tinttc

y
1;jy ;"c0;jy ;"� þ h:c:; ð18Þ

bHR
J ¼

XðNy�1Þ=2

jy¼�ðNy�1Þ=2
�tinttc

y
NN

x þ1;jy ;"
cNN

x ;jy ;"

� �
þ h:c:; ð19Þ

with tint = 0.90, the charge transfer amplitude at the interface, setting out the
transparency of the junction.

Josephson current and rectification
Next, we consider how the Josephson current flowing in the junction
(Fig. 1a) is evaluated. The current phase relation of the Josephson current is
obtained by evaluating the variation of the free energy Fwith respect to the
phase bias across the junction, i.e. φ:

IðφÞ ¼ 2 ×
2e
ℏ
∂FðφÞ
∂φ

; ð20Þ

Fig. 6 | A schematic illustration of a physical setup designed to probe non-
reciprocal phenomenawith high-winding vortices.An external current source (I1)
injects current into a superconductor labeled S (depicted in red). The circulating
current influences a nearby proximitized superconductor, S0 (shown in orange),
leading to the nucleation of an electrically controlled vortex within it79. A super-
current, I2, flows through a weak link based on S0 superconducting leads, where an
electrically controlled vortex exists on one side of the junction. The nonreciprocal
behavior of I2 can be exploited to identify the nature of the induced vortex.

https://doi.org/10.1038/s42005-025-02431-4 Article

Communications Physics |           (2025) 8:518 8

www.nature.com/commsphys


with the free energy in a Josephson junction at zero temperature, evaluated
as

FðφÞ ¼ 1
NxNy

X
E < 0

EðφÞ; ð21Þ

bHðjx; jy; j0x; j0y;φÞ Φj i ¼ EðφÞ Φj i: ð22Þ
Here,Nx ¼ NL

x þ NN
x þ NR

x andNy denote the total number of sites along
the x-direction and along the y-direction, and E(φ) and Φj i stand for the
eigenvalue and eigenstate of bHðx; y; x0; y0;φÞ. We numerically obtain E(φ)
by the full diagonalization of bHðjx; jy; j0x; j0y;φÞ in Eq. (14). The computa-
tional analysis is performed at zero temperature, but a thermal change does
not qualitatively alter the results. For our purposes, we recall that if time-
reversal is broken, then the supercurrent can be expanded in even and odd
harmonics with respect to the phase bias variable as

IðφÞ ¼
X
m

½Im sinðmφÞ þ Jm cosðmφÞ�; ð23Þ

in ref. 62. To assess the nonreciprocal supercurrent due to the presence of
the vortex in the junction, we evaluate the rectification amplitude η that is
conventionally expressed as

η ¼ Iþ � jI�j
Iþ þ jI�j

; ð24Þ

with I+(−) the maximum amplitude of the supercurrent for forward
(backward) directions, respectively. For the presented results, we set the
energy gap amplitude as ∣Δ0∣ = 0.02t (t is the electron hopping amplitude),
the maximum Josephson current value, without vortex, as
I0 ¼ 0:012jΔ0jð2eℏ Þ, and the size of the superconducting leads as NL

x ¼
NR

x ¼ αNy with α being the aspect ratio setting out a square or rectangular
shape of the superconductors in the junction. The computation is per-
formed forNy= 30, and zL0 ¼ 10a for the size of the vortex core. A variation
of these lengths does not affect the results; thus, for clarity, we introduce the
coordinates (jx, jy) in the Josephson junction (Fig. 2a).

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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