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Flux-Quanta Injection for Nonreciprocal Current Control in a Two-Dimensional
Noncentrosymmetric Superconducting Structure
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We designed and experimentally demonstrated a four-terminal superconducting device, a “quadristor,”
that can function as a nonlatching (reversible) superconducting switch from the diode regime to the resis-
tive state by application of a control current much smaller than the main transport current. The device
uses a vortex-based superconducting-diode mechanism that is switched back and forth via the injec-
tion of flux quanta through auxiliary current leads. Our finding opens a new research area in the field
of superconducting electronics.
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I. INTRODUCTION

Simultaneous breaking of time-reversal and inversion
symmetries generates the superconducting-diode effect [1–
8]. The time-reversal symmetry can be broken via an
externally applied magnetic field or internal inclusions of
magnetic microclusters [9], while inversion symmetry can
be broken in several ways [4,6,10–23].

The recent spike of research in the area of supercon-
ducting diodes paves a road towards the future practical
application of these novel devices in superconducting elec-
tronics. Moreover, it inspires substantiated hopes that the
next stages of work, in analogy with semiconductor elec-
tronics, will be accomplished by the development of super-
conducting transistors [24]. By a “transistor” we refer to
a regulated diode, whose resistive state can be controlled
by an externally applied signal exerting much less power
than the one it controls. In this report, we introduce such
a device. Because of the specifics of superconductivity,
where the devices are generally current biased, the control-
ling agent in our design is a current supplied by two closely
located auxiliary leads. This justifies the term “quadris-
tor”: two leads for the transport current and two leads for
controlling it. Via this relatively small control current, the
diode properties of the quadristor can be turned off and
on on demand without a noticeable latching effect and the
device can function as a fast switch or as a signal controller
or amplifier.

A. The idea of a quadristor

The main idea of the quadristor design stemmed from
a hypothesis that the underlying mechanism of the diode
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effect in certain cases is based on vortex-lattice dynam-
ics in the active area of the bridge. Indeed, during our
previous stage of research [23], it was observed that the
resistive state of the diode corresponds roughly to half of
the normal-state value. In this case, the voltage-current
dc measurements revealed a steplike pattern with a pro-
nounced plateau, the height of which matches the ac
voltage amplitude. In the literature, such voltage-current
peculiarities are associated with vortex-pattern rearrange-
ment (see, e.g., Ref. [25]). Thus, the quadristor idea capi-
talized on the suggestion that this rearrangement (and the
associated resistance) can be triggered by the local inser-
tion of vortices (flux quanta) externally. For the sake of
vortex insertion, additional leads could be attached to the
bridge’s active area. To explore this quadristor concept
experimentally, we fabricated the device described below.

II. EXPERIMENTAL

The device was fabricated by a multistage lithographic
patterning of approximately-100-nm-thick Nb3Sn films
on sapphire substrates with Tc > 17 K, Fig. 1, with the
geometry of the device shown in Fig. 2.

The comprehensive details of deposition and lithogra-
phy are described elsewhere [23]. Ion milling affects the
physical properties of bridges and reduces the critical tem-
perature (see, e.g., Refs. [20,23]). The bridge reported here
had Tc ∼ 4 K. In this work, we did not attempt to restore Tc
to 17 K via annealing as described in Ref. [23]. Rather, the
bridge was used as prepared, because using the bridge with
lower Tc allows one to deal with smaller critical currents,
so that the transition to the normal state does not damage
the bridge thermally.
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FIG. 1. Our Nb3Sn film used for the device fabrication. (a)
Resistive transition of the bridge. (b) SEM image showing ran-
domly distributed agglomerations. (c) Higher-resolution SEM
reveals the material’s granularity, with an average grain size of
about 200 nm, as well as larger features (closer to 1 µm). As the
energy-dispersive-x-ray-spectroscopy microanalysis of the same
area reveals in (d), these µm-size objects coincide with regions
that show an excess amount of Sn.

III. RESULTS

A. Superconducting-diode effect

The fabricated bridge demonstrated voltage-current
characteristics [Fig. 3(a)] similar to those reported in
Ref. [23]. Measurements in a magnetic field revealed rea-
sonably large values of �I = I+ − I− [Fig. 3(b)] and
correspondingly a very robust diode effect (Fig. 4).

For this and all other measurements reported here, the
direction of H is orthogonal to the surface of the film.
Similarly to what was reported in Refs. [20,23], at pos-
itive values of the applied magnetic field, I+ < I− and
vice versa. The mechanism of a superconducting diode that
reveals itself in our bridges was discussed in Ref. [23]. A
small quantitative difference is that in the previous case the
optimal magnetic field was about 100 Oe, and in this case
the optimum is about 50 Oe: at 40 Oe, �I is decreased by
25%, while at 60 Oe, �I is decreased by 75%.

B. Quadristor

Our next observational step involved injecting the direct
current via auxiliary leads 5 and 6. Our doing so generated
localized current addition in the active area of the bridge,
and, as shown in Fig. 5, switched the diode regime to a
resistive state in both transport-current directions.

Very interestingly, there is no latching: the removal of
this additional current through the auxiliary leads imme-
diately restores the laminar flow (no vortices, no voltage)

(a) (b)

(d)
(c)

FIG. 2. Lithographically patterned quadristor. (a) The layout
of the initial mask for the large-scale patterning via 3D-printer
(Mars Elegoo-3), intertick distances correspond to 1 mm; the
words “ONR”and “APL” were added to the authentic mask
design for documentary purposes only, they represent the sponsor
agency and the laboratory, respectively, and are visible par-
tially on the real device pattern (next panel). (b) Central part
of Nb3Sn bridge formed by 3D-printed mask after the first ion
milling. Afterwards it was covered by positive photoresist and
a finer structure was defined by UV-light projection via the
epifluorescence-microscope technique [23] (the illuminated area
is shown by semitransparent rectangles) for subsequent final ion
milling. (c) The central part (which serves as the active area) of
the bridge after the final photolitographic processing. The light
and dark areas correspond to the bridge and the sapphire sub-
strate, respectively. Black dots inside the light area correspond
to the agglomerations mentioned in the caption for Fig. 1(b). (d)
The resistive transition of the bridge shown in (c). The top curve
was measured via leads 1 and 3 (current) and leads 2 and 4 (volt-
age); the bottom curve was measured via leads 5 and 7 (current)
and leads 6 and 8 (voltage).

of the diode action, as Fig. 5 demonstrates. The effect
occurred for both polarities of the external magnetic field.

IV. DISCUSSION

The mechanism of switching is based on nonequilib-
rium kinetics of vortices in the active area of the device,
as explained in Fig. 6.

This explanation extends the modeling results reported
previously for the case of the superconducting-diode effect
in Nb3Sn bridges [23]. In that case, during one of the half-
periods of the alternating current, vortices enter through
the edge with the lower Bean-Livingston barrier and their
viscous motion generates a voltage and thus the finite
resistance [Fig. 6(a)]. During the subsequent half-period,
vortices are not able to rise through the higher Bean-
Livingston barrier of the opposite edge, and no viscous
motion occurs, keeping the voltage and resistance zero
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(a)
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FIG. 3. (a) Voltage-current characteristics at different temper-
atures and H = 0. Measurements by a Quantum Design PPMS.
(b) Voltage-current characteristics in a magnetic field H of 50
Oe for positive and negative directions of the direct current
(I+ and I− are the corresponding critical-current amplitudes).
Measurements by a Keithley 6221 current source and 2182A
nanovoltmeter in the PPMS cryostat.

[Fig. 6(b)]. The situation changes when the control cur-
rent is on. It generates a seed vortex or, possibly, even
vortices, thus perturbing laminar supercurrent flow and
generating initial turbulence, which facilitates massive flux
inflow and a resistive state [Fig. 6(c)]. This, of course, is
just a hypothesis of the mechanism, and rigorous modeling
is required to explain both the generation and the extinction
of the flux flow during this half-period of transport-current
oscillation.

Let us try to confirm this hypothesis via the results pre-
sented in Figs. 2–5: these data allow us to draw explicit
relations between the observations and to elucidate the
facts, which are to some extent counterintuitive and inter-
esting. As follows from Fig. 2(d), the normal-state resis-
tance of the bridge is approximately 70 �. This is also
consistent with Fig. 3(b), where the normal-state resistance

FIG. 4. Demonstration of superconducting-diode effect using
a four-probe connection for both positive and negative external
magnetic fields at T = 2 K. The alternating current (shown in
arbitrary units) with f = 0.1 Hz is applied via contacts 1 and 3,
and the voltage is measured between contacts 2 and 4 (see Fig. 2).

can be recognized as the slope of the inclined line above
the critical current at different temperatures. For example,
for T = 2 K, the critical-current amplitude is between 9
and 9.5 mA and the voltage amplitude is in the range from
600 to 660 mV, values which are consistent with the afore-
mentioned resistance value, and therefore the resistive state
is fully spread over the entire bridge. This observation can
be further extended to the diode state shown in Figs. 4 and
5, which also show similar values of current and voltage.
The fact that the resistance during the diode action is built
up within the total length of the bridge is in accordance
with our aforementioned hypothesis and could have been
expected. However, the more unexpected point is that the
amplitude of the voltage triggered by the control current
has the same magnitude as the amplitude of the voltage
created by the overcritical alternating transport current. As
follows from Fig. 2(c), the distance between auxiliary leads
5 and 6 (where the increase of the total current through the
bridge occurs) is at least a factor of 6 smaller than the total
length of the bridge. Therefore, we conclude that the local
control current triggers a resistive state along the whole
bridge, i.e., it has a nonlocal action.

This is an important corollary. To produce a similar trig-
gering effect, if performed by a nonlocal increase of the
main transport current through the bridge, would require
more energy from the switching circuit. Obviously, the
total impedance of the bridge is higher than the impedance
of the small area traveled by the control current: the associ-
ated magnetic field amplitude is the same, but the volume
is different. Thus, with a small applied energy, a large vari-
ation in circuit parameters is possible, for which the energy
is being consumed from the transport current.
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(a)

(b)

FIG. 5. Performance of the quadristor on application of the
control current. The transport-current measurements were per-
formed at T = 2 K via main leads 1–4, while the control current
was supplied via auxiliary leads 5 and 6 [see Figs. 2(a)–2(c)]. The
amplitude and frequency of the alternating transport current were
9.25 mA (a choice dictated by the results presented in Fig. 3)
and 0.2 Hz, respectively. The control direct current was 2.5 mA
(supplied by a Keithley 220 current source). The arrows indicate
moments of time when the control current was switched on and
off. Panels (a),(b) correspond to positive and negative external
fields, H = 50 Oe and H = −50 Oe, respectively.

For the diode based on this mechanism, high-frequency
operation has been demonstrated [23]. Thus, there are
grounds to expect that the quadristor switching will also
be functional at high frequencies. The investigation of
this aspect, however, is beyond the scope of this article,
which aimed to prove the overall operational principle of
the device. Importantly, the amplitude of its control cur-
rent (Icntr = 2.5 mA) is much smaller than the amplitude
of the alternating transport current: (Itr = 9.25 mA). In
future optimization of the quadristor parameters, the gain
g = Itr/Icntr may be further increased. However, even with
the currently achieved value (g ∼ 3–4), the quadristor can
serve as a signal amplifier.

The quadristor performance resembles that of the pla-
nar transistor-type devices suggested recently in multiple
articles [26–31]. However, in these devices, the design

(a)

(b)

(c)

FIG. 6. Possible mechanism of quadristor operation. (a) Resis-
tive state caused by the penetration of flux quanta through the
Bean-Livingston barrier of the top (“weak”) edge of the bridge.
(b) This process is impossible at the bottom (“strong”) edge dur-
ing the subsequent half-period of alternating-current flow. (c)
Current through auxiliary leads facilitates generation of the seed
flux quantum and triggers the collective penetration through the
whole bottom edge.

is based on different principles: for example, the field
effect, which modifies the density of states, or the injection
of high-energy electrons, which generates, for example,
nonequilibrium phonon fluxes. These approaches require
the application of potentials in the electronvolt range,
which is above the intrinsic characteristic energy scale of
superconductors (millielectronvolts). Noticeably, the aux-
iliary current (which could now be called the “control cur-
rent”) of our quadristor is much smaller than the transport
current. Moreover, it is applied locally without increase of
the total transport current. This provides grounds to expect
that our device can be effectively used in circuits of super-
conducting microelectronics, such as logical elements and
amplifiers.
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V. CONCLUSION

To summarize, we demonstrated the possibility of
reversible switching of the diode effect to the resis-
tive regime in superconducting bridges. For that task, a
Nb3Sn bridge with superconducting-diode properties was
fabricated with two auxiliary leads (whose separation is
much shorter than the total bridge length) for injection of
flux quanta. Injection of these quanta restores the sym-
metric oscillation regime to the alternating current. Very
importantly, the ceasing of flux injection fully restores the
superconducting regime during the half-period of oscilla-
tions, so the diode behavior is regained. If the relaxation
mechanism of the restored diode state is similar to the
SDE reported in [23], which is reasonable to suggest,
one can thus expect high-frequency action not only for
the diode but also for the quadristor. This effect may
find practical applications after more explorations of its
mechanism have been performed and functional regimes
have been explored. Our finding also opens opportunities
for studying the fundamental problems of nonequilibrium
states in superconductors and interplay between turbulent
motion and laminar motion in superfluid liquids. One obvi-
ous point that requires special studies is the discovered
nonlocal action of the local control current.
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