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Mixed superconducting state without applied magnetic field
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A superconducting (SC) mixed state occurs in type-II superconductors where the upper critical field Hc2 is
higher than the thermodynamic critical field Hc. When an applied field is in between these fields, the free energy
depends weakly on the order parameter which therefore can be small (SC state) or zero (normal state) at different
parts of the sample. In this paper we demonstrate how a normal state along a line traversing a superconductor
can be turned on and off externally in zero field. The concept is based on a long, current-carrying excitation
coil, piercing a ring-shaped superconductor. The ring experiences zero field, but the vector potential produced
by the coil generates a circular current that destroys superconductivity along a radial line starting at preexisting
nucleation points in the sample. Unlike the destruction of superconductivity with magnetic field, the vector
potential method is reversible and reproducible; full superconductivity is recovered upon removing the current
from the coil, and different cooldowns yield the same normal lines. We suggest potential applications of this
magnetic-field-free mixed state.
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I. INTRODUCTION

When a long current-carrying excitation coil (EC) pierces a
superconducting (SC) ring, as in Fig. 1(a), current is expected
to flow in the ring and produce a magnetic field that expels
the flux from the ring’s hole [1]. The ring’s current density j is
determined by the vector potential A produced by the EC and
by the complex order parameter � = ψ (r)eiφ(r), with ψ (r) �
0, according to

j = ρs

(
�0

2π
∇φ − A

)
, (1)

where �0 is the superconducting flux quanta,

ρs = ψ2e∗2

m∗ , (2)

and e∗ and m∗ are the carrier’s charge and mass, respectively.
ψ2 is often interpreted as a measure of the superconducting
carrier density with a maximum value ψ2

0 [2]. If at some point
on the SC ring the current density exceeds the critical value jc
of the ring’s material, the order parameter drops to zero at this
point [2]. In this setup, the SC ring does not experience any
applied magnetic field and the current in the ring is set by the
Faraday effect when the current in the EC is turned on.

For a system with rotation symmetry, it is expected that
the current will be strongest at the inner rim of the ring [2].
If this current exceeds jc, the order parameter will diminish
first at the inner rim, followed by the full destruction of super-
conductivity as the EC current I increases. This should lead
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to a radial propagation of a normal state front as illustrated
in Fig. 1(b).

In addition, the ring does experience fields generated by its
own supercurrents. These self-fields, in principle, could gen-
erate vortices where the order parameter is destroyed locally.
If and when vortices are present, they are described by ∇φ =
1/|r − rv|, where rv is the location of the vortex. For a system
with strict rotation symmetry vortices are not allowed. But,
in the real world, ring-shaped materials with perfect rotation
symmetry are hard to come by. In parallel, theory for situ-
ations lacking rotation symmetry is difficult. Therefore, the
initial motivation for this paper was to examine the behavior of
a realistic ring experimentally with a local magnetic mapping
technique: a scanning superconducting quantum interference
device (SQUID).

Surprisingly, we found that in the non-rotational-
symmetric case, the superconducting order parameter is
destroyed along radial lines emanating from defects, leading
to a new type of mixed state. In fact, no propagating front
was detected whatsoever. This stands in strong contrast to
the expectation in the rotationally symmetric case. The de-
struction of the order parameter is reversible; when the coil
current is turned off, the radial destruction of superconductiv-
ity disappears. The behavior of the system is also reproducible
between different cooldowns. This is a very different situation
from dendrite growth which occurs when superconductivity is
destroyed by an external field.

II. EXPERIMENT

The key feature required for our experiment is a long
excitation coil compared to the superconducting ring dimen-
sions, passing at its center, as shown in Fig. 1(a). The coil is
considered as infinitely long with zero magnetic field outside
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FIG. 1. Scanning SQUID imaging of a ring threaded by an
“infinite” excitation coil. (a) Illustration of the measurement configu-
ration. The ring is fixed and is threaded by a long coil and is scanned
by the SQUID. (b) Illustration of a theoretical normal front propa-
gating from the inner rim of the ring. (c)–(e) Illustration of scanning
SQUID detection modes. (c) Static magnetic flux. (d) Diamagnetic
response, the flux generated by supercurrents flowing in the sample
as a response to a locally applied ac magnetic field, by a field coil on
the SQUID chip. (e) Flux generated by a line of current. This mode is
used to record the flow of supercurrents in the sample as a response
to an ac current in the EC.

but with a finite vector potential. The quality of this approx-
imation is discussed in the Appendix. In practice, the coil is
60 mm long, with a diameter of 0.7 mm, 6 layers, a total of
7200 windings, and is made of NbTi. The superconducting
rings were made of 8 nm MoSi film [3], with an outer diameter
of 5 mm and inner diameter of 1 mm. The films were grown
on a ring-shaped silicone wafer with a 300-nm silicone oxide
layer. We used a scanning SQUID susceptometer to simulta-
neously record the local susceptibility, current flow, and local
static magnetism [4,5].

The experimental configuration is illustrated in Fig. 1(a).
The ring-coil pairs are fixed in place, while the SQUID sen-
sor is scanning near the ring’s surface. An optical picture of
the inner rim of the ring is presented in Fig. 2(a). Three
measurement modes, illustrated in Figs. 1(c)–1(e), were op-
erated simultaneously:

FIG. 2. Scanning SQUID data. (a) Optical image of the inner
rim of the ring. (b) Image of the static magnetic flux, showing
superconducting vortices on the ring at a field of 81.9 mG. (c) Sus-
ceptibility image of the area shown in (a), taken in the presence of
I = 0.093 mA in the EC. (d) Flux generated by supercurrents in the
ring, flowing as a response to I = 0.093 mA in the EC.

FIG. 3. Local view of the destruction of superconductivity.
(a) Susceptibility map, showing the diamagnetic response of the
sample to current in the EC. Brighter regions represent stronger
superconductivity. (b) Map of the flux generated by supercurrents
flowing in the sample in response to the current in the EC. (a) and
(b) were taken simultaneously in the presence of EC current of
I = 0.05 mA ac at fec = 223 Hz, and field-coil current of 0.1 mA
at ffc = 1237 Hz. The supercurrents bend to bypass the region where
superconductivity is destroyed, forming a dipolelike feature of re-
duced current flow, marked by a circle. This region appears as a dark
streak in the susceptibility map.

(A) The static magnetic landscape is mapped by rastering
the SQUID over the sample while recording the local flux
reading. This mode of operation is illustrated in Fig. 1(c). This
view typically shows vortices, with density that is determined
by the magnetic field at which the ring was cooled. Figure 2(b)
shows an image of such vortices, in units of �0.

(B) The local susceptibility was measured using a field coil
(FC) placed around the pickup loop of the SQUID [4]. The
field generated by the field coil is eliminated by the supercon-
ductor, and this reduction is captured by the SQUID’s pickup
loop. Spatially mapping these signals yields a map of the
diamagnetic susceptibility, presented in units of �0/A (flux in
the pickup loop over FC current). Figure 1(d) demonstrates
this mode of operation. Figure 2(c) shows a representative
susceptibility map, taken near the inner rim of the ring.

(C) The supercurrents flowing in the ring were imaged by
mapping the flux generated by the current flow. An illustration
is provided in Fig. 1(e). The units are �0/A (flux in the pickup
loop over EC current). A supercurrent map that was recorded
at the same conditions as the susceptibility map is shown in
Fig. 2(d).

Experiments (B) and (C) can be done either in dc or ac
excitation currents. By performing both of them in ac mode
at EC frequencies different than the FC frequencies we can
separate the information in (A)–(C) and measure all three
modes simultaneously.

In addition, we performed a global dc SQUID magnetiza-
tion measurement with a pickup loop bigger than the entire SC
ring. In this case the ring and EC move relative to the pickup
loop, and the magnetic moment of the ring M is determined
as a function of EC current I and temperature T [3].

III. RESULTS

Figure 3(a) shows a radial streak in the susceptibility map,
along which the superconductivity is suppressed. Figure 3(b)
shows the magnetic fields generated by the supercurrents. The
blue-red dipolelike feature indicates that the current is reduced
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FIG. 4. Streak behavior. (a)–(c) Susceptibility maps demonstrat-
ing the growth of a streak starting from a midring nucleation point,
at EC currents of I = 0.1 mA, I = 0.41 mA, and I = 0.52 mA,
respectively. (d) The length of a streak as a function of the EC
current, demonstrating a threshold EC current, a linear growth, and
a saturation after a certain EC current. (e) The location of nucleation
points Si on the ring radius, as a function of the threshold current
at which the streak starts to grow. Both the threshold current and
saturation current (not shown) depend linearly on the distance from
the ring center.

in this region. This is consistent with the reduction of SC
observed in the susceptibility map. The nucleation point for
the streaks is determined by defects as locations with lower
critical current, or by irregularities in the inner rim of the ring,
which dictate inhomogeneity in the current flow resulting in a
local increase in the current density.

The evolution of the normal streaks with I can be fol-
lowed by imaging susceptibility as a function of the current
in the EC. A typical streak and its evolution is shown in
Figs. 4(a)–4(c). The streak is a line of reduced superconduc-
tivity, which progresses radially from the inner rim or from
a defect on the ring itself. This streak would ideally grow
linearly until it crosses the whole ring. In practice this streak
grew linearly with applied current on the EC up to a certain
value. After exceeding that streaks’ critical current value the
streak did not propagate further. The typical length of streaks
in our sample was around 30 μm. This was the length of
five out of eight streaks we followed. This is demonstrated
in Fig. 4(d) where we show the streak length as a function
of I . The local decisions involved in the growth of each streak
are controlled by the distribution of supercurrents. Somewhere
along the ring another streak grows and navigates the super-
currents away from this region, hence the normal streak in
Fig. 4(c) no longer grows.

Moreover, the location from which a streak starts to grow is
also a linear function of I as shown in Fig. 4(e). Here, we show
the radius of a nucleation point in which a streak appears as a
function of the EC current at which the streak first appears.

The radial nature of the streaks is independent of their
distance from the inner rim on the ring. In Fig. 5 we show
two susceptibility images and the location where they where
taken on the ring. Figure 5(a) is taken close to the inner rim

FIG. 5. Radial growth of the streaks. (a), (b) Susceptibility maps
showing two streaks, at I = 0.04 mA (a) and I = 0.52 mA (b) flow-
ing in the EC. The streak shown in (b) is located few 100’s μm
further out and at a different azimuth. (c) The location of streaks
on the ring. Both streaks evolve along a radial lines (dotted lines)
despite their location and azimuth.

at some azimuth and Fig. 5(b) is closer to the outer rim with
a different azimuth. In both cases all the streaks, regardless of
their nucleation point, are radial.

Finally, we demonstrate that the streaks are reversible. In
Fig. 6 we show the evolution of a streak that emerges from
a nucleation site on the inner rim twice. First, we followed
the streak’s growth [Figs. 6(a)–6(c)], then we turned off the
current and observed a full recovery of the superconductivity
at the location of the streak [Fig. 6(d)]. Increasing the current
shows that the streak evolved in the same way [Figs. 6(e) and
6(f)]. In addition, in a different cooldown of the same sample
we found that this streak nucleates at the same location (not
shown). This demonstrates reversibility and reproducibility,
both important for future applications. We note that the nu-
cleation, growth, and direction of the streaks appear in both
dc and ac currents in the EC.

FIG. 6. Reversibility of streaks and their propagation. (a)–(f)
Susceptibility maps of a region near the inner rim, in the presence
of EC current of (a) I = 0.003 mA, (b) I = 0.054 mA where a streak
starts to grow, and (c) I = 0.093 mA where the growth continued.
Between (c) and (d) the current was turned off. (d) I = 0.003 mA,
demonstrating that the streak returned to its initial state. (e) I =
0.054 mA, streak growth, and (f) I = 0.093 mA, the streak is back to
the state it was in (c).

144510-3



ALEX KHANUKOV et al. PHYSICAL REVIEW B 106, 144510 (2022)

FIG. 7. Destruction of superconductivity of a whole ring. Mag-
netic moments of a MoSi ring vs current in EC. The figure shows
a linear increase of the ring’s magnetic moment up to a value of Ic

where there is a knee. For I > Ic the moment decreases with increas-
ing current as flux enters the sample. Ic increases with decreasing
temperatures.

IV. DISCUSSION

When a normal region is formed around a nucleation site
due to the EC current, the spatial distribution of the supercur-
rents changes, in order to bypass this region [Fig. 3(b)]. When
the EC current is further increased, the inhomogeneity of the
current flow contributes to the growth of the streak normal
regions, in addition to the natural disorder in the system. Since
the overall direction of the current flow is around the ring,
locations with maximum current, where the critical current is
exceeded, progress radially along the ring (Fig. 5).

In our ring, several nucleation sites were found spread out
at random locations on the ring’s radius. All sites showed a
characteristic behavior, namely, linear growth of the streak
length [Fig. 4(d)] with current, up to some maximum length.
Nucleation sites further away from the center required higher
currents in the EC to generate supercurrent flow that con-
tributes to the growth of normal regions [Fig. 4(e)]. In
some cases the distance between two defects is only few
tens of microns, making it possible in theory to connect
them.

The progress of a streak’s front, emerging from the inner
edge due to supercurrent flow, resembles dendrites as they
both destroy SC in the sample. However, dendrites are usu-
ally generated by applying a magnetic field while streaks are
generated through supercurrent flow around defects. Unlike
dendrites [6], streaks are not pinned to the sample: They are
reversible and they do not show the fractal shape. Control over
dendrites is also limited; artificial triggering of instability that
leads to dendrite growth does not result in the same branching
patterns on repeated experimentation under the exact same
conditions [7].

Using the inner EC we can generate a narrow nonsupercon-
ducting path in the ring, with a radial orientation. For a narrow
enough ring this might result in a ring with a slit that might
behave as a Josephson junction [8]. Looking at the global
behavior of the system, the magnetization M of the entire
ring as a function of I is depicted in Fig. 7. Upon ramping

I , M increases linearly at first, but, for I larger than some Ic,
indicated on the figure, M no longer increases with I , and even
slightly decreases. This happens when flux finds a way to enter
the ring along paths of normal state material, and according to
Eq. (1), reduce the current density in the ring. Naturally, Ic

decreases with increasing temperature as demonstrated in the
figure.

Back to the local view, high enough EC current destroyed
superconductivity on radial slits in the ring. Reducing I would
return the superconductor to its fully SC state (no slit). There-
fore, this potential Josephson junction might switch on and
off, noninvasively, and reproducibly, resulting in a control-
lable device. The device can be switched from a ring with
Josephson junctions to a fully SC ring, in situ. By a careful
design of nucleation points, it should be possible to fully de-
termine the location and orientation of the slit(s). We therefore
suggest that a SC ring with predesigned fault points on the
inner rim, pierced by a long EC, could act as a controllable
SQUID where the normal region can be turned on and off at
will.

Controllable Josephson junctions have been implemented
in various ways, locally affecting the landscape of supercon-
ductivity. Among these are a reduction of electron density
by electrostatic gating, destruction of superconductivity by
proximity to a ferromagnet, and local heating with a focused
laser beam [8–14]. One example where a SQUID behavior
was demonstrated in a reversible process is by electrostatic
tuning of the local carrier density, in a two-dimensional
superconductor that forms at the interface between the
complex oxides lanthanum aluminate (LAO) and strontium
titanate (STO) [13,14]. Each approach has advantages and
disadvantages.

V. CONCLUSIONS

The main observation of this paper is a magnetic-field-free
mixed state with radial and reproducible normal state streaks
on a superconducting background. The streaks are produced
by a long excitation coil piercing a ring-shaped SC, and are
due to shielding currents which exceed locally the critical
current. They emanate from defects, and cross the ring. This
is an exciting feature looking for an application.
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APPENDIX

Current passing through an infinitely long coil creates a
magnetic field only inside the coil. However, infinite coil is
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not a realistic option. In our case the EC is 7.5 × 106 longer
than the SC height. While this is an impressive ratio, we want
to check experimentally if it is good enough by measuring
runaway fields.

These fields can be determined by counting vortices
trapped in the superconducting ring when it is cooled below
Tc in the presence of different currents on the EC. The field
value, in Gauss, is equal to 20.7 times the number of vortices
in an image divided by the image area in microns.

Figure 8 presents repeated measurements of the flux
trapped by a SC ring, due to the EC current up to 2 mA.
No variation in the flux is detected when changing I . There-
fore, the vortices are due to stray fields emanating from
sources other than the coil. Moreover, we have measured
the flux trapped in the sample in the presence of up to 20
mA (not shown). Even under such high currents, which are
ten times higher then the maximum applied in the experi-
ment, no significant runaway fields were detected. Therefore,
we can safely say that the EC is infinite for all practical
purposes.

FIG. 8. Runaway field from the long excitation coil. Calculated
runaway field from the number of vortices in the image, vs the current
in the EC when ring is cooled down below Tc. The runaway field
is measured by the number of trapped flux quanta in the ring [e.g.,
Fig. 2(a)]. Each point in the figure represents a calculated value of
the field per cooldown.
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[9] J. Lombardo, Ž. L. Jelić, X. D. Baumans, J. E. Scheerder,
J. P. Nacenta, V. V. Moshchalkov, J. Van de Vondel, R. B.
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