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A strong superconducting diode effect (SDE) is revealed in a thin superconducting film periodi-
cally nanostructured with magnetic dots. The SDE is caused by the current-activated dissipation
mitigated by vortex-antivortex pairs (VAPs), which periodically nucleate under the dots, move and
annihilate in the superconductor - eventually driving the system to the high-resistive state. Invers-
ing the polarity of the applied current destimulates the nucleation of VAPs, the system remains
superconducting up to far larger currents, leading to the pronounced diodic response. Our dissipa-
tive Ginzburg-Landau simulations detail the involved processes, and provide reliable geometric and
parametric ranges for the experimental realization of such a non-volatile superconducting diode,
which operates in absence of any applied magnetic field while being fluxonic by design.

I. INTRODUCTION

The modern electronic industry relies heavily on the
nonreciprocal charge transport property of semiconduc-
tor devices. One well-known example is the celebrated
diode effect characterized by polarity-dependent current-
voltage relation. It has been widely used in many im-
portant devices such as rectifiers [1], LEDs [2], and so-
lar cells [3]. A hybrid structure, namely p-n junction,
is usually designed to fabricate a semiconductor diode.
The diode effect has also been observed in noncentrosym-
metric semiconductor materials under external magnetic
fields [4, 5]. However, in all semiconductor devices, the
energy loss is inevitable even in the low resistance due to
the finite barrier for the charge carriers.

The nonreciprocal charge transport in superconductors
has also attracted a lot of attention [6-11]. Of particular
interest, superconductors can carry currents without dis-
sipation, thus a nonreciprocal critical current due to the
superconductor-metal transition could bring about the
possibility of the so-called superconducting diode effect
(SDE), which exhibits zero resistance in only one cur-
rent direction. The SDE would not only pave the way
to dissipationless electronic devices but also grant access
to the fundamental mechanism of various nonreciprocal
properties.

Recently, the SDE was demonstrated in an artificial su-
perlattice [Nb/V /Tal, without a center of inversion un-
der a magnetic field [12]. It has boosted a plethora
of the studies immediately. In the past year, it has
been reported that the SDE can be observed in sev-
eral superconducting materials with different structures
such as synthetic Josephson junctions [13, 14], metal-
ferromagnetic insulator-superconductor tunnel junction
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[15], superconducting films patterned with a conformal
array of nanoscale holes [16], and few-layer supercon-
ducting nanowires [17]. In these experiments, the spa-
tial inversion symmetry is broken in different ways, e.g.,
stacking different superconducting layers [12], the spin-
orbit interaction in Josephson junctions [13], asymmetric
junction structures [14, 15], noncentrosymmetric pinning
arrays [16], and odd layer number [17]. These exper-
imental studies have simulated many theoretical works
related to the demonstration of SDE [18-30]. Some of
them, which are performed analytically in the frame-
work of the Ginzburg-Landau theory under the mean-
field level, focus on strong spin-orbital coupling [18-20]
while Ref. [21] analyzes spontaneous edge currents and
the energy bias for the formation of Josephson vortices
the chiral p-wave superconductors.

Among most superconducting structures to realize the
SDE, an external magnetic field is generally required to
break the time-reversal symmetry, e.g., an in- or out-of-
plane magnetic field is applied in Refs. [12, 13, 16, 17].
Interestingly, a field-free superconducting diode is re-
ported in an inversion-symmetry-breaking heterostruc-
ture [14] and in EuS tunnel junctions [15]. However, the
possible SDE in conventional superconductors without
external fields or at zero net field is rarely visited. If the
SDE could be realized in a field-free conventional super-
conductor, it would be a more convenient and economi-
cal approach for the development of superconducting de-
vices. Additionally, although the nonreciprocal trans-
port in superconductors without an inversion symmetry
is fabulous, the possibility of realizing of the SDE in ho-
mogeneous conventional superconductors is much less ex-
plored. SDE that does not depend on specific materials
is thrilling and can be critical to industrial production.

In this work, we propose a field-free SDE system of a 2-
dimensional type-1I superconducting film with magnetic
dots (MD) [31-37] on top of it, where the noncentrosym-



metry superconductivity is absent. Each MD is parallel
to the superconducting film, thus exhibiting a zero flux.
In the absence of an external magnetic field, vortices can
be topologically excited only by external currents or ther-
mal fluctuations, namely vortex loops in three dimensions
[38] or vortex-antivortex pairs (VAPSs) in two dimensions
[39-41]. In particular, in the two dimensional case, which
is highly relevant to the superconducting films, vortices
move transversely to an applied current, yielding a fi-
nite voltage. Note that the correlated drift of a vortex-
antivortex pair does not contribute to dissipative voltage,
only the opposite motions of vortices and antivortices can
produce dissipations [39-41]. Since the dynamics of the
same number of vortices and antivortices under zero net
fields should be quite different from the vortex dynamics
without antivortices, the present mechanism of SDE is
distinct from the previous ones under an external mag-
netic field.

The paper is organized as follows. In Sec. II, we give
a brief introduction to the system under investigation
and the numerical method based on the time-dependent
Ginzburg-Landau (TDGL) equations and the heat trans-
fer equation. In Secs. III and IV, the main results are
presented, and the underlying mechanisms for the SDE
and the reversed SDE are analyzed and revealed from
the perspective of vortex dynamics. Finally, conclusions
are drawn in the last section. Visualizations of the vor-
tex dynamics and temperature evolution are provided in
Supplemental Materials [42].

II. MODEL AND NUMERICAL METHOD

FIG. 1. Schematic view of the superconducting film (blue)
with rows of MDs (yellow) on top of it. A thin layer of in-
sulating dioxide (grey), whose thickness is 0.5£(0), is coated
on top of the superconductor. The size of a MD is a = 8£(0)
in the length and b = 5£(0) in the width. All magnetic dots
have the same thickness 1£(0). The magnetization direction
of a MD is indicated by the red arrow, which is perpendicular
to the applied current density J. In the simulations, the ex-
ternal current is applied along x direction where the periodic
boundary condition is also employed. The superconductor-
vacuum boundary condition is used in the y direction.

A schematic view of the superconducting film with
MDs on top of it is shown in Fig. 1. To avoid un-
wanted proximity effects, they are separated by an in-
sulating layer. The famous phenomenological Ginzburg-
Landau theory can describe the non-uniform supercon-
ductors well [43-45] and the TDGL theory can be em-
ployed to simulate the dynamics of various hybrid su-
perconducting systems [46-50]. It has been extensively
reported in the literature that the TDGL simulation re-
sults are in excellent agreement with the experimental
observations both in homogeneous magnetic fields [51-
53] and in inhomogeneous fields [54].

TDGL equations in the dimensionless form are given
by Ref. [50, 52, 55]:
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where ¥, A, ¢ and T are the superconducting order pa-
rameter, the vector potential, the electric potential and
local temperature, respectively. u is a phenomenological
coefficient and usually accepted as u =1 [50, 56]. Dis-
tance is measured in units of the coherence length £(0)
at T = 0, the time scale is set to be GL relaxation time
tar = 47A(0)%0/c* with A(0) being penetration depth
at T = 0, the temperature is in unit of the supercon-
ducting critical temperature T,, and the magnetic field
in bulk upper critical field Hpo = ®¢/27£(0)? with ®g
being the flux quantum. o = 1 is the conductivity in
the normal state and x is the GL parameter. In the
present calculations, we set k = 40 to effectively simu-
late a thin superconductor. With the zero electric poten-
tial gauge [57] employed, we introduce currents through
boundary conditions for magnetic field as previous sim-
ulation works [50, 52, 58], where the unit of the current
density is JGL = O’h/?eg(O)tGL.

Since we are interested in the diode effect where the
applied current is close to the critical current, the vortex
velocity can be high, leading to significant Joule heating.
The present TDGL simulations will be performed in com-
bination with the heat transfer equation in the following
form [59]:
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where T} is the bath temperature, v = 0.03 is the heat
capacity of the superconducting film, and ¢ = 0.06 the
heat conductivity of the sample. The second term on the
r.h.s of Eq. (3) counts for the Joule heating while the
third term describes the heat exchange between the sam-
ple and its holder with an efficiency 7 = 2 x 10~*. Values
of these phenomenological coeflicients correspond to in-
termediate heat removal [59] and have been proved valid
for describing typical experiments [16, 52]. All equations
are solved using a semi-implicit algorithm [55] with the



periodic boundary condition along the direction of the
external current and Neumann boundary conditions in
the transverse direction.

With the assumption of an ultra thin superconducting
film, we confine the TDGL simulations in two dimensions
at finite temperature (Tp = 0.907,). Without loss of the
generality, we consider a strip of L, = 200£(0) in length
and L, = 150£(0) in width. One row of MDs are aligned
along the middle line of the sample as displayed in Fig.
1. Another two rows of MDs are placed symmetrically on
the two sides of the central row. The distances between
the nearest neighboring rows is h = 16£(0). The magne-
tization of all the MDs is set to be M in units of Hs.
It is found that the MD spacing in x direction does not
qualitatively change our main results. It is empirically
adopted as 13.3£(0) in this work so that there are a total
of 15 columns of MDs.

IIT. CONCEPT AND VALIDATION OF THE
SDE

First of all, we introduce the main idea of the pro-
posed SDE. A MD can be considered as a magnetic dipole
which generates a strongly localized magnetic field. Its
stray field induces screening currents in the superconduc-
tor around the poles, as illustrated in Fig.2(a). These
currents have the opposite vorticity and can therefore be
amplified in the inner region of the MD. The total su-
perposed current can even exceed the superconducting
depairing limit and generate VAPs if the magnetization
of the MD is strong enough. However, we set the mag-
netization to be just below the critical value so that the
VAPs cannot be induced by the MDs themselves. In
this case, the nucleation of the VAPs can be controlled
by external currents. With a carefully designed array of
MDs, a VAP lattice can be formed with an applied cur-
rent of a specific polarity [Fig.2(b)]. These VAPs can be
depinned by the Lorentz force and annihilate each other
when they meet, during which the superconductivity may
be destroyed due to heat dissipation. In the following, we
will show the validation of the concept with detailed sim-
ulation results.

To begin with, we simulate the current-resistance char-
acteristics of the present hybrid system with magnetiza-
tion M = 0.17H_. for two currents with opposite direc-
tions. Asshown in Fig. 3(a), the critical current densities
Jes where the superconductor-metal transition happens
are considerably different for two currents with opposite
directions +.J. The sample turns to the normal state for
a bias current density J = JI ~ +0.0071, while it re-
mains in the superconducting state for negative currents
up to J = J; ~ —0.0083, giving a critical current differ-
ence AJ, = 0.0012. That is, this system exhibits SDE
with zero resistance in only one current direction. The
Cooper pair density (CPD) distributions in the insets of
Fig. 3(a) reveal the distinct phases at opposite currents
J = £0.0075. In particular, the flux-flow state, where
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FIG. 2. (a) Nucleation of VAPs driven by external currents.
The background shows the distribution of the magnetic field
(z component) of the MD. The shaded block indicates the
geometry of the MD. The = and y directions indicated here
are the same as those in Fig. 1, which are also shared by
all the following figures concerning the superconducting film.
(b) Illustration for the annihilation of VAPs. The Lorentz
forces applied on the vortices/antivortices have the opposite
direction (small colored arrows).

moving vortices yield finite voltage and partially destroy
superconductivity, is absent, indicating that the present
system can directly switch between superconducting and
normal conducting states right at the critical currents.

To understand the underlying mechanism we further
investigate details of various physical quantities in the dy-
namical process. We first figure out the supercurrent and
the CPD distributions in the sample. Due to the pres-
ence of MDs, the Meissner current is induced around the
MD, which could partially cancel the stray field. Its vor-
ticity depends on the direction of the local field. For the
present system, the distribution of the intrinsic Meissner
currents around a single MD is shown in the left panel of
Fig. 3(b) in equilibrium. Owing to the dipole-like stray
field of the in-plane MD, the total current in the cen-
ter regime of the MD is the superposition of the roughly
same directed intrinsic currents induced by the poles of
opposite polarities. These currents flowing along +x di-
rection are significantly larger than anywhere else and
therefore suppress local superconductivity. As demon-
strated in the right panel of Fig. 3(b), we indeed observe
a lower CPD in the center area of the MD. Note that the
induced Meissner current is close to but still lower than
the depairing current, so the VAPs cannot nucleate in
this case.

Due to the asymmetric distribution of the MD in-
duced supercurrents in equilibrium, the transport prop-
erty would strongly depend on the polarity of the applied
current. When we apply a current +J along x direction,
the external current enhances (suppresses) the total cur-
rent in the inner (outside) region of the MDs. On the
contrary, an opposite current, —J, suppresses (enhances)
the total current in the inner (outside) region. As shown
in Ref. [46], the generation of a VAP is governed by
supervelocity v oc Js/|¥|?, where J, is the supercurrent
density and [¢|? is the CPD. Therefore, for +.J, VAPs are
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FIG. 3. Simulation results at M = 0.17Hc. (a) Current-
resistance characteristics. The resistance is normalized to the
resistance in the normal state Ry and current to the GL cur-
rent density Jgr. The SDE emerges in the shaded area. Insets
gives the distribution of the CPD at point A and B, where
the applied currents are equal but in the opposite direction.
The MD array is not plotted for a clean view of the CPD.
(b) Distribution of supercurrent (left) and CPD (right) in
equilibrium, i.e., J = 0. Direction and strength of the local
supercurrent is indicated by colored arrows. The MDs are de-
noted by shaded blocks. (¢) CPDs when the external currents
are J = +0.0069 (left) and —0.0069 (right). VAPs are pinned
under the poles as shown in the left panel.

expected to nucleate in the inner region with the highest
supercurrent density and the smallest CPD. As shown in
Fig. 3(c), VAPs indeed form at J = +0.0069 (left), while
they are absent at J = —0.0069 (right). This means that
the VAPs are formed earlier for the positive currents.

The formation of VAPs is the key effect to understand
the SDE. If the applied current is not strong enough,
VAPs are pinned by the MD. With the increase of the ex-
ternal current, the Lorentz force eventually set the VAPs
in motion and drive the system to dissipation state. The
above picture of vortex excitations does not allow for the
flux-flow state (partial superconductivity) with a steady
dissipation state. Our simulations suggest that the sud-
den switch from the superconducting state to the normal
state originates from the Joule heating caused by the mo-
tion of the VAPs.

We examine the vortex dynamics during the period
when the system switches from superconducting to nor-
mal conducting. The evolution of the mean temperature

is plotted in Fig. 4(a) and the corresponding vortex im-
ages at various moments are given in (b). With a cur-
rent of J = JF ~ 40.0071, the VAPs are depinned due
to the Lorentz force. They are driven apart and annihi-
late with each other inside the sample, or moving out of
the sample. Fig. 4(b) gives some snapshots for such VAP
motions. The VAPs periodically nucleate and annihilate,
during which the sample is gradually heated (I — II —
IIT) while the superconductivity is suppressed (IT — III).
The Joule heating raises the temperature of the whole
sample, which eventually exceeds the superconducting
critical temperature (III — IV). Consequently the sys-
tem cannot maintain superconductivity and switches to
the normal state eventually (IV).

Vortex dynamics and evolution of the temperature dis-
tribution of the whole sample is visualized in Animation-
S1 (right panel) of supplemental materials [42], which
would help to understand the implication between the
vortex dynamics and the heat dissipation. To demon-
strate the effect of Joule heating in a more direct way,
we additionally conduct simulations of the same system
but with a stronger heat removal 7 = 2.0 x 1073, which is
10 times larger. It corresponds to an extreme condition
in experiments [59] and can sheds insights of the effect of
heat dissipation numerically. As shown in Fig. 4(d), the
diode effect is greatly reduced. Once J. is reached, sys-
tem enters the dissipation state rather than the normal
state. As a stronger heat removal can cool down the sam-
ple more efficiently, mitigate the Joule heating caused by
vortex motion and the VAP annihilation. Compared to
an intermediate heat removal, a stronger heat removal
suppresses the diode effect. To achieve an ideal SDE, the
heat removal should be not too strong.

Next, we turn to the case of the opposite external cur-
rent. A negative current reduces the supercurrent be-
tween the MD poles because they have the opposite di-
rections. In fact, by comparing the CPD between the
right panel of Fig. 3(b) and (c), we find the supercon-
ductivity is enhanced as the low density region (colored
in yellow) shrinks after applying —J. As a result, for-
mation of VAPs no longer favors the regime beneath the
MDs. Due to surface pinning, VAPs are expected to nu-
cleate on sample edges first. As shown in Animation-S2
in Supplemental Material [42], at J = J_ ~ —0.0083,
the VAPs show near the edges first. These periodically
generated VAPs bring dramatic Joule heating and drive
the system to normal state with the mechanism similar
to that of +J. Therefore a flux-flow state is absent at
both +J and an ideal SDE occurs.

We stress that the mechanism discussed above is com-
pletely different from the vortex ratchet effect, which
have been studied also for their nonreciprocal transport
properties [58, 60-63]. Generally, in those systems, vor-
tices are generated with an external flux applied inside
the sample. The ratchet signal is mainly caused by dif-
ferent vortex velocities within the same phase, i.e., the
flux-flow state. The corresponding ratchet voltage is thus
much weaker than the present one which originates from
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FIG. 4. (a) Evolution of the mean temperature T at the critical current .J;° = 0.0071. The red dots marked with I, II, and
IIT represent three typical moments during superconductor-metal transition. The black curve eventually exceeds the critical
temperature, indicating that a normal state can be reached finally. (b) Snapshots of CPD at the three moments I, II and
III. Image IV is the snapshot of the normal state when ¢ = 1500tgr,. We use black blocks to indicate the positions of the
MDs. (c) Snapshots of the corresponding temperature distribution at the four moments. (d) I-V characteristics of systems
with intermediate heat removal (dotted) and strong heat removal (marked with crosses).

the transition between the superconducting and normal
phases.

IV. REVERSED SDE FOR HIGHER
MAGNETIZATION OF MDS

The diode effect discussed above originates from the
excitation and dissipative motion of VAPs. It requires a
strong magnetization to keep the local Meissner current
close to the field-dependent depairing currents, so that
the external current +.J can be used as a trigger for gen-
erating VAPs in the inner region of MDs, which results
in a significantly smaller critical current in one current
direction. Thus it is also interesting to see how the diode
effect behaves at a strong magnetization where the MD-
induced Meissner current itself exceeds the critical value
for the nucleation of VAPs.

We take a larger magnetization M = 0.22H .5 as an ex-
ample. The I-R characteristics is presented in Fig. 5(a).
Surprisingly we find that J becomes smaller than J,
contrary to that at M = 0.17TH., discussed above. In
spite of the signal reversal, the flux-flow state is also ab-
sent. The CPD distributions given by the insets of Fig.
5(a) confirm that the reversed diode effect also originates
from transition between the superconducting phase and
the normal conducting phase.

To gain insight of the reversed SDE, we first examine
the distribution of supercurrent and CPD at zero cur-

rent. Fig. 5(b) shows the distributions in the vicinity of
one MD. Surprisingly, vortices can be formed even with-
out external currents. The supercurrent distribution in-
dicates the opposite vorticity of two vortices, implying
the true VAP. Just due to the presence of the VAPs
in this case, the supercurrents around the vortices and
anti-vortices are generated to maintain the vorticity. As
a result, the direction of the supercurrent between the
poles of the MD is reversed compared to Fig. 3(b) with-
out VAPs at zero external currents.

Since the MDs can generate VAPs without the help
of external current, the mechanism to reach the dissi-
pation state should be different from that discussed in
the last section. In Fig. 5(c) we plot the distribution
of CPD at currents J = £0.0069 where the zero-voltage
is maintained, i.e., VAPs are pinned. These VAPs feel
three forces: the pinning force of MDs, the Lorentz force
due to external current, and attractive vortex-antivortex
interaction. To enter the flux-flow state the latter two
forces have to exceed the pinning force. The circular
current of a vortex is opposite to an antivortex. For 4.J,
the Lorentz force tends to drive the VAPs apart, while
for —J it drives the VAPs closer. As a result, when —J is
applied, the distance between the VAP in the right panel
of Fig. 5(c) is impressively small, yielding a stronger
vortex-antivortex attraction. Therefore, with a negative
external current it requires a larger pinning force to pin
the VAPs. In other words, the critical current of J
must be smaller in this case, which is consistent to the
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FIG. 5. (a) I-R characteristics at M = 0.22H.>. The shaded
region now suggests the diode effect is reversed, in contrast
to that of 3(a). The insets are visualization of CPD between
two phases J = +0.0080, which are denoted by A and B,
respectively. (b) Distribution of the supercurrent and the
CPD in equilibrium (J = 0). VAPs are formed due to a strong
magnetization. The shaded blocks indicate the position of
MD. (c) Vortex images with currents J = +0.0069 (left) and
—0.0069 (right). The balance position of VAPs depend on the
polarity of the external current.

I-R characteristics in Fig. 5(a). Once the VAPs is de-
pinned from MDs, the dissipation and Joule heating due
to moving vortices emerge. Following the same mecha-
nism described in Sec. III, the system quickly turn to
normal state, resulting in the reversed diode effect. An-
imation S3 and S4 provided in the Supplemental Mate-
rials [42] visualizes details of the superconducting-metal
transition for +J and —J, respectively.

Intriguingly, the SDE curves in both Figs. 3(a) and
5(a) are quite similar to right part of Fig. 1lc in Ref.
[12]. Tt is particularly interesting that sign reversals of
the SDE can be even obtained by solely changing the
magnitude of the MD magnetization. This feature has
not been reported previously and could be very helpful
in the potential device applications.

Finally, we note that our results for J and J. are
strongly dependent on the model parameters, especially
on the position of the MDs and their magnetizations.
In fact, the considerable SDE can be found in a finite
range of the magnetization. For small magnetizations,
the strongest SDE, i.e., the largest difference between
JI and J_, can be achieved at M0.17H2, as presented

in Sec. III. On the other hand, for the large magneti-
zations, the strongest SDE occurs at M = 0.22H.o as
presented in Sec. IV. The position of MDs can influence
the annihilation rate of the VAPs, so it is also related to
the heat conductivity . The SDE may be further im-
proved/enhanced by fine-tuning parameters, as demon-
strated by those reported in [19, 64].

V. SUMMARY

In this work, we propose a scheme with a conventional
thin superconductor film and an array of MDs without
a net flux applied to achieve the SDE. Due to the pres-
ence of the same number of vortices and antivortices, the
mechanism for the SDE in the conventional supercon-
ductors revealed in this work is essentially different from
those under a net external field. Combining the TDGL
theory with the heat transfer equation, we extensively
simulate this hybrid system with finite magnetizations
of the MDs. As a result, we observe the SDE without
external magnetic fields. Interestingly, the SDE can be
reversed by simply changing the magnitude of the MD
magnetization. Moreover, the present SDE is achieved
by the sudden switch between the superconducting state
and normal state, excluding the flux-flow state, exhibit-
ing a pronounced nonreciprocal voltage signal.

The topological excitations of the VAPs and their
motion are responsible for the observed SDE without
perpendicular net fields. The embedded MDs produce
highly localized stray fields. Such dipole-like fields induce
screening currents around poles which can therefore en-
hance each other when they meet in the center area of the
MDs, and then create a strong supercurrent density be-
tween the poles. For systems with magnetization near a
critical value, a positive external current (+.J) can trigger
the generation and current-driven motion of VAPs ear-
lier than the negative one (—.J), resulting in a polarity-
dependent critical current. The motion of VAPs not only
causes the dissipation voltage, but also inevitably leads
to Joule heating. By constantly annihilating inside the
sample and near the edges, the VAPs generate significant
heat and drive the system to the normal state, resulting
in an ideal SDE.

The reversed SDE can also be generated by the dynam-
ics of VAPs in a different way. By increasing the mag-
netization of the MDs, VAPs are generated and pinned
under the poles even in the absence of applied current.
However, since the Lorentz forces applied on vortex and
antivortex are antiparallel, —J current brings these VAPs
closer while +J current drives them apart. Thus, a —J
current, where the attractive interaction between VAPs
is stronger, results in a lower critical current. Due to
Joule heating generated by the motion and annihilation
of VAPs, the reversed SDE then occurs.

In short, we revealed a pronounced SDE in a con-
ventional superconducting films and magnetic-dot hybrid
structure. The size of the required MD arrays is acces-



sible in modern nano-engineering. The proposed struc-
ture can be conveniently realized in experiments. Thus it
can be an economical candidate for practical supercon-
ducting diode among the dissipationless electronic de-
vices. We note that a field-free superconducting diode is
also reported in twisted multi-layer graphenes [28, 65, 66],
showcasing the importance of the field-free diode effect
in both fundamental research and potential applications.
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