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Abstract In this chapter, we discuss the process of magnetic flux injection into
a macroscopic flat superconducting ring. We place special emphasis on the emer-
gence of lightning-like magnetic flux bursts along heated trails originating from
thermomagnetic instabilities. Additionally, we explore strategies aimed at mitigat-
ing or delaying this phenomenon. Understanding these dynamics is crucial, as they
may significantly impact the performance of superconducting resonators, shielding
systems, and metamaterials.

1 Introduction

The physics of multiply-connected superconducting structures, especially supercon-
ducting rings, has sparked genuine academic interest since early times. Bibliographic
research shows about 5000 scientific publications in the last 50 years 1. This fas-
cination arises in part from the constraint imposed by the fluxoid quantization and
the fact that the ring defines two regions of the universe separated by a physical
gap within which the magnetic flux remains excluded. The year 1967 seems to set
a particular moment in the story of superconducting rings with the appearance of
two seminal scientific contributions [1, 2]. At the time, scientists recognized that a
persistent current running in a one-dimensional ring represents a metastable state
with high kinetic energy, whereas the ground state corresponds to the state with no
supercurrents. Then, the question about the lifetime of this metastable state in ring-
shaped specimens was addressed and understood based on topological fluctuations
(both in phase and amplitude), which lead to a state of lower current and, therefore,
lower free energy [1, 2]. These fluctuations on 1D rings correspond to a depletion of
the order parameter down to zero value, thus permitting the phase to jump by arbi-
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trary multiples of ±2𝜋. They can be of thermal origin, so-called thermal phase slips
[3, 4, 5, 6, 7, 8], or arising from quantum tunnelling of the phase, known as quantum
phase slips [9, 10, 11, 12]. This is a rather universal behaviour in which the material
aspects are of secondary importance, besides the fact that the spatial extension of
the fluctuations (i.e. the size of the created normal region) scales with the coherence
length 𝜉 (𝑇), if the wire has a diameter 𝑑 < 𝜉 (𝑇). Whether the superconductor is of
type I or type II makes no difference.

Phase slips also appear in 1D superconducting rings under increasing external
magnetic field, 𝐻. At low applied fields, the magnetic flux is screened from the
interior of the ring until a certain field, 𝐻𝑝 , at which a phase-slip event will permit
the injection of magnetic flux inside the ring in such a way to guarantee fluxoid
quantization [3, 4, 5, 6, 7, 8]. At temperatures, 𝑇 , close to the critical temperature,
𝑇𝑐, this effect leads to Little-Parks periodic oscillations [13, 14] as a function of 𝐻
exhibiting resistance minima when the flux piercing the ring equals (2𝑛 + 1)Φ0/2,
with 𝑛 an integer and Φ0 = ℎ/2𝑒 the quantum of magnetic flux. These oscillations
are imprinted in the typical parabolic phase boundary caused by the suppression
of superconductivity with magnetic field [15] and can be accounted for within the
Ginzburg-Landau theory [14]. At lower temperatures, when 𝑇 ≪ 𝑇𝑐, oscillations are
also reflected in the critical current of the ring with a response which becomes similar
to a SQUID (superconducting quantum interference device) [16, 17], albeit with a
marked irreversibility. A transition from one regime to another has been reported in
Ref.[18]. It is worth mentioning that an intermediate and stable phase in which the
ring is interrupted by a normal state region has been predicted in Ref.[19, 20].

If we move away from the 1D condition to consider rings with wide and long
walls thus approaching a cylindrical structure, a different phenomenology should
be taken into account. For a ring of outer and inner radii 𝑅𝑜 and 𝑅𝑖 , respectively,
the width of the ring is 𝑤 = 𝑅𝑜 − 𝑅𝑖 . Likharev [21] has shown that vortices can
nucleate in thin walls only if 𝑤 ≥ 4.44𝜉 (𝑇). In this limit, the formation of phase-
slips evolves into phase-slips-lines, which can be regarded as a passage of a vortex
crossing the width of the ring [22]. Trapped vortices in the width of the ring could
also account for the observed parabolic background envelope of the Little-Parks
oscillations [23]. For larger 𝑤 (i.e. larger than the penetration depth 𝜆) the possibility
of vortex-antivortex nucleation and annihilation should be considered. Eventually,
for superconducting rings with very wide walls in which pinning centers are present,
the critical state model, describing inhomogeneous distribution of vortices, should
be taken into account [24].

In the scope of this study, we will not be considering mesoscopic structures for
which 𝑤 ∼ 𝜉. This limit has been thoroughly examined in Ref.[25, 26, 27, 28, 29,
30] for single rings and more exotic structures such as Möbius loop [31, 32] and
gradiometer configuration (eight-shaped loop) [33]. Instead, our attention will be
directed into macroscopic rings with𝑤 ≫ 𝜉 which have the capacity to accommodate
a large amount of vortices.
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2 Long cylinder in axial configuration

It is instructive to start this journey by reviewing the physics of long and thick cylin-
drical cavities with an axially applied magnetic field, for which the demagnetization
effects can be neglected (see Fig.1(a)). Note that in zero-field cooling (ZFC), as long
as the applied magnetic field remains below a certain penetration field 𝐻𝑝 , there are
supercurrents circulating only on the outer surface. For 𝐻 > 𝐻𝑝 , however, counter
currents develop in the inner surface. In the early 60’s, Kim et al.[34] experimentally
investigated how the transition from field shielding to flux filling occurs. Fig.1(b)
shows the magnetic field 𝐻′ picked up inside a tubular NbSn sample as a function
of the externally applied field 𝐻. The magnetic field remains screened out from the
interior of the cylinder until 𝐻 reaches 𝐻𝑝 (𝐻 ∼ 15 kOe, labelled (1) in Fig.1(b)). At
that point, part or the entire tube suddenly becomes normal and the flux breaks into
the interior of the tube through a flux jump [35] (also known as flux avalanche). After
such a flux jump occurs, 𝐻 is held constant for several minutes to allow the sample
to reach thermal equilibrium with its surroundings. As 𝐻 is further increased, the
tube again shields the external field until it undergoes another flux jump at point (2).
Note that at point (3), the transition becomes smoother, which is interpreted as an
indication that the critical state front starts pouring vortices inside the tube.

It has been demonstrated that a superconducting cylinder in longitudinal geometry
and for 𝐻 < 𝐻𝑝 can act as an excellent passive screen against magnetic fields over a
large frequency range and performs better than a ferromagnet at low frequency [36].
Fig.1(c) shows that if the cylinder is not infinitely long, the shielding factor 𝐻/𝐻′

is not infinite since 𝐻′ cannot be zeroed. Indeed, some of the field lines penetrate
through the top and bottom openings and, for small fields, decay exponentially with
distance as moving away from the center of the cylinder. The field lines depicted in
Fig.1(d) show an interesting feature: the magnetic field lines change direction along
the upper and lower rims, both exhibiting a component opposite to the applied field.
It may then be expected that a negative field at the inner rim develops as the cylinder
becomes progressively shorter (flatter) when approaching a ring structure.

3 Superconducting flat ring in the Meissner state

In the thin film geometry, there are some particularities which stand out with respect
to long cylinders [24, 37]. For a positive applied field and 𝐻 ≪ 𝐻𝑝 ,2 i.e. long before
vortices can reach the inner edge of the ring, the local field at the inner rim of the ring
is negative and turns positive at the center of the ring. This has been experimentally
demonstrated by direct visualization of the field distribution via magneto-optical
image, as shown in Fig.2(a) for a 100 nm-thick YBa2Cu3O7 ring (𝑅𝑜 = 3 mm,
𝑅𝑖 = 2.875 mm) at 𝑇 = 4.2 K [37]. Panel (b) shows a sketch of the magnetic field

2 Warning note: The definition of 𝐻𝑝 in Ref.[24, 37] does not concern vortex penetration but rather
the onset of saturation magnetization.



4 Alejandro V. Silhanek

Fig. 1 (a) Superconducting cylinder under an applied field along the axial direction. When the
field has been applied after cooling in zero field (ZFC) and remains below the penetration field
𝐻𝑝 , screening currents circulate on the outer surface (left panel). For 𝐻 > 𝐻𝑝 the field is able to
penetrate into the cylinder and currents of opposite chirality circulate in the inner and outer surface
of the cylinder (right panel). (b) The transition between the two states described in panel (a) can
be abrupt as indicated by the step-wise increase 1 and 2 due to flux jumps, or smooth (as in 3
and 4), caused by the progressive penetration of superconducting vortices. The inset shows details
related to the ring geometry. Reprinted figure with permission from [34]. Copyright 1963 by the
American Physical Society. (c) The screening factor of the cylinder depends on the position along
its axis, being rather constant at its center if ℓ > 6𝑅𝑜. The leakage of magnetic flux lines at the top
and bottom ends of the cylinder gives rise to an exponential decay of the screening factor. (d) The
region of constant shielding factor disappears for short cylinders ℓ < 6𝑅𝑜. Note that the magnetic
stray field at the extremities has a component opposite to the applied field. Figure reproduced from
[36]. ©IOP Publishing.Reproduced with permission. All rights reserved

lines, whereas the non-uniform distribution of currents for several applied fields is
shown in panel (c). The magnetic field profiles as 𝐻 increases are shown in panel
(d), in which the strength of the peaks at the inner and outer borders of the ring
scales with the width/thickness ratio. These authors also show that after exceeding
𝐻𝑝 and during the field reversal, a situation arises in which currents of similar
polarity can circulate along the inner and outer rims, whereas at the center of the
ring a counterflow current is maintained. Thus, three concentric current loops with
antiparallel flow may coexist.
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Fig. 2 Magneto-optical image of a section of a 125 µm wide YBCO ring at 4.2 K and after zero-field
cooling 𝜇0𝐻 = 8 mT. (b) Sketch showing the magnetic field lines generated by the supercurrent
flowing in the ring superposed to the applied magnetic field. Reprinted figure with permission from
[37]. Copyright 2001 by the American Physical Society. Profiles of the sheet current 𝐽𝑠 (c) and
perpendicular magnetic field 𝐵 (d) as a function of the radial coordinate 𝑟 in a ring with 𝑅𝑜 = 𝑎

and 𝑅𝑖 = 0.8𝑅𝑜 for several increasing applied fields 𝐻, according to the Bean model. Reprinted
figure with permission from [24]. Copyright 1997 by the American Physical Society.

4 The perforation field

The progressive filling in of the ring’s core with magnetic flux has been experimen-
tally addressed by Nowak et al.[38]. The system under investigation consisted of a
500-nm-thick Nb ring with 𝑅𝑖 = 15 µm and 𝑅𝑜 = 98 µm in which two Bi Hall probes
able to measure the out-of-plane component of the local field in an area of 3 µm ×
5 µm, are placed at the center of the ring (hole probe) and 22 µm off center (ring
probe) as schematically shown in the inset of Fig.3(a). Note that the investigated
system is substantially smaller (about 40 times) than the one previously investigated
by Kim et al. [34]. The main findings of this report are shown in Fig.3(a-c). Panels
(a,b) show the hysteresis loops, 𝐵(𝐻), at two reduced temperatures, 𝑡 = 𝑇/𝑇𝑐, for
the ring probe (thin line) and the hole probe (thick line). Smooth vortex motion at
high 𝑡 [panel (a)] is replaced by avalanche behavior at lower temperature [panel (b)].
The inset of panel (b) sketches the magnetic field profile in a cross-sectional view of
the ring. Solid lines (dashed lines) represent the profile immediately before (after)
an avalanche. By quantifying the size of the jumps3 along a hysteresis loop as the
one shown in panel (b), it is possible to identify two distinct regimes of magnetic
flux avalanches. Indeed, panel (c) shows the size of the avalanches detected by the
hole probe as a function of the reduced temperature in which a regime of small-size

3 The size of the avalanches in units of the flux quantum, as detected by the hole probe, is obtained
by multiplying the field jump by the area of the inner hole.
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Fig. 3 Hysteresis loops, 𝐵(𝐻 ) obtained while ramping the external magnetic field at 𝑡 = 𝑇/𝑇𝑐 =

0.42 (a), and 𝑡 = 0.17 (b) for a Hall probe positioned in the ring width (thin line) and a Hall
probe parked at the center of the inner hole (thick line). Dynamically driven vortex avalanches lead
to a smooth response at high temperatures and thermally driven avalanches manifest themselves
as jumps in the local field. The inset of (a) shows the sample’s ring geometry and the positions
of the Hall probes. The inset of (b) sketches the magnetic field profile in a cross-sectional view
of the ring with solid lines (dashed lines) representing the profile immediately before (after) an
avalanche. (c) Scatter plot of the observed avalanches as detected by the Hall probe inside the hole
of the ring as indicated in panels (a,b) as a function of 𝑡 = 𝑇/𝑇𝑐 . The colored regions are a guide
to the eye indicating the regions of thermomagnetically driven avalanches (green) and small-size
dynamically driven avalanches (orange). Reprinted figure with permission from [38]. Copyright
1997 by the American Physical Society. (d) (left panel) Magnetic flux distribution in a MgB2 ring at
3.6 mT. The numbers next to dendrites indicate the order in which they appeared. (middle column)
magneto-optical images after zero-field-cooling a large ring (upper panel) and a small ring (lower
panel). In both images the antidendrites nucleate near a bright tip, in most cases tracing a bright
finger deep into the superconductor. The areas within the rectangles are shown in more detail in
the right column. Reprinted figure with permission from [40]. Copyright 2006 by the American
Physical Society. (e) Simulated local temperature rise during magnetic flux avalanche process for
a superconducting sample with 𝑇𝑐 = 39 K (courtesy from Prof. Cun Xue).
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avalanches (dynamically driven or isothermal avalanches) is visible at high tem-
peratures (𝑡 > 0.27), whereas large size avalanches (thermally driven or adiabatic)
develop at low temperatures (𝑡 < 0.32) [39]. In summary, the center of the ring
can be filled in with magnetic flux either smoothly and progressively via injection
of small bundles of vortices or via an abrupt burst of big avalanches able to inject
large amount of vortices (somewhat similar to the conclusion of Ref.[34]). Note that
there exists an intermediate temperature range in which these two regimes coexist,
in agreement with the results presented in Ref. [39]. Eventually, as 𝑡 increases, the
size of avalanches decreases, and the phenomenon disappears, leading to a nearly
continuous 𝐵(𝐻) curve.

Unfortunately, the Hall sensors used in Ref.[38] are unable to reveal the details
of the process of flux injection. In order to fill this gap, large-scale imaging is
needed, which is precisely what has been done by Olsen et al.[40] who visualized
via magneto-optical imaging the flux injection due to magnetic flux avalanches
in a MgB2 ring. The rings analyzed in this work were substantially larger than
those of Nowak et al.[38], with 𝑅𝑜, 𝑅𝑖 , and 𝑅𝑜 − 𝑅𝑖 on the mm scale. The large
demagnetization field of these structures when the field is applied along the axial
direction gives rise to pronounced magnetic field peaks of opposite polarity at
the outer and inner edges (as those described in Fig.2), which in turn favors the
penetration of vortices from the outer edge and antivortices from the inner edge. At
low temperatures, branching dendritic magnetic avalanches [41, 42] nucleate at the
outer edge and abruptly propagate deep into the rings, although without crossing the
entire width of the ring. When these structures reach close to the inner edge, where
flux with opposite polarity has penetrated the superconductor, they occasionally
trigger anti-flux-dendrites. These antidendrites do not branch, but instead trace the
triggering dendrite in the backward direction (see Fig.3(d)).

Magnetic lightning
One cannot avoid noticing the similarity of the phenomenon described above
with a lightning strike [43] in which negative flashes (could also be positive)
bring negative (or positive) charge to the ground. In negative flashes, the
descending current from the cloud moves downward in a series of short jumps,
called a “stepped leader.” The individual steps in this process branch out in
different directions, looking for the path of least resistance toward the ground.
As a leader gets close to the ground, a corresponding streamer of positive
charge moves up from the surface to meet the descending negative current.
When these two currents connect, they provide a highly conductive channel
for charge transfer between the cloud and the ground. The initial descending
negative charge is followed by an even stronger “return stroke” of positive
charge from the ground, which seems to move up, retracing the channel and into
the cloud [44]. While lightning corresponds to a discharge of electric charges
permitting the relaxation of an out-of-equilibrium state, flux avalanches in a
superconductor correspond to magnetic lightning releasing magnetic pressure
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difference. In other words, the dielectric breakdown phenomenon becomes a
thermomagnetic breakdown in the case of superconductors.

The authors of Ref.[40] pointed out that by increasing the applied field further,
the rings are perforated by dendrites, which carry flux to the central hole. This direct
flux injection has been coined magnetic perforation. Repeated perforations lead to an
increase of the average flux density at the inner edge to positive values (i.e. reversed
field polarity with respect to the Meissner phase) thus reversing the current direction
at the inner edge and impeding the nucleation of antiavalanches. It has been estimated
experimentally and numerically [43, 45, 46], that flux avalanches propagate at speeds
∼ 10 − 100 km/s which implies a growth time of ∼ 10 − 100 ns, whereas the local
temperature along the trail increases [43, 47, 48] to about 2.5𝑇𝑐 (see Fig.3(e)). This
indicates that the propagation front consists of a normal-superconductor interface
rather than a river of vortices, thus questioning the terminology “vortex avalanches”.
In any case, the precursor phase is certainly linked to the fast displacement of vortices
in the material and the subsequent formation of kinematic vortices [49, 50, 51, 52].

Before closing this section, we would like to remind the readers the results of
Ref.[53] on superconducting strips, in which the authors demonstrated that avalanche
activity and size are progressively suppressed as the width of the superconductor
decreases and are fully absent below certain threshold value. This result holds if the
magnetic field penetrates from both sides of the strip. In this case, current circulates
in opposite directions on opposite sides, which means that avalanches do not cross
the symmetry line along the length of the stripe. The situation is different in a ring
in the Meissner state, for which magnetic flux enters only through one side and
screening currents circulate in a unique direction. This leads us to conclude that the
width of the ring does not preclude the formation of flux avalanches.

5 Quasiperiodic injection

Further details of the abrupt magnetic injection (magnetic perforation) and the
subsequent stages of flux pumping into the hole when increasing the applied magnetic
field, were presented in Ref.[45]. The most salient results are summarized in Fig.4(a-
c) for mm-scale flat rings of MgB2. In panel (a), a field map of the sample at𝑇 = 6.2 K
and 𝐻 = 13 mT is shown (image 𝐼𝑛). Bright pixels correspond to positive magnetic
field (out of the page), whereas dark pixels correspond to negative field. Note that
avalanches are not able to perforate the ring. In this case, the supercurrents flow as
indicated by the yellow arrows, everywhere in the same direction (clockwise). Panel
(b) corresponds to the differential image 𝐼𝑛+1 − 𝐼𝑛 in which at the (increasing) field
step 𝑛 + 1 an avalanche has perforated the ring injecting a large amount of flux in the
center. While the most prominent feature is the large flux increase in the central hole,
one can also observe a reduction in the field around the outer edge. After perforation,
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the supercurrents along the inner edge reverse direction, as indicated by the yellow
arrows in panel (b).

Fig. 4 (a) Magnetic field map of a MgB2 ring at 𝑇 = 6.2 K and 13 mT. Bright pixels correspond
to positive magnetic field, while dark pixels correspond to negative fields. (b) Differential image
between the image in panel (a) and the subsequent image after a dendrite has perforated the ring and
injected a large amount of flux into the central hole. Bright and dark pixels indicate flux has entered
or left. While the most conspicuous feature is the large flux increase in the central hole, one can also
observe a reduction in the field around the outer edge. The arrows superimposed on the magnetic
field maps show the current distributions before (a) and after the perforation (b). (c) Measured flux
within a disk of radius 𝑟𝑝 as a function of the applied field, showing the crossover from complete
screening to a linear increase following the applied field. The flux jumps are small and frequent at
low temperatures, becoming rarer and larger at higher temperatures. The contribution to the flux
from the ring currents Φ𝑠𝑒𝑙 𝑓 is illustrated for one of the curves. The solid black line is the result
of a simulation with a Kim model for the critical current. Reprinted figure with permission from
[45]. Copyright 2007 by the American Physical Society. (d) The average field in the central hole
of a small Nb ring as a function of the external field at 5 K. The solid red line is a guide to the
eye. The stepwise increase in the field occurs when a dendrite crosses the entire rim of the ring.
The dashed line corresponds to 𝐻𝑖 = 𝐻. The sketch illustrates the mechanism for quasi-periodic
jumps using a simplistic view for the case of a long cylinder. The green solid lines and the red
dotted lines describe the magnetic induction just before and immediately after the appearance of a
crossing dendrite, respectively. Reprinted figure with permission from [54]. Copyright 2019 by the
American Physical Society.

The magnetic flux injected in a region delimited by the radius 𝑟𝑝 (defined by the
position at which the flux fronts from inner and outer edges meet at full penetration)
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as a function of the applied field and for several temperatures, is shown in Fig.4(c).
This radius 𝑟𝑝 bears certain similarity to the effective radius limiting the area in which
the flux is quantized in a mesoscopic ring, which is field-dependent and bounded by
the inner and outer radii of the ring [29]. This similarity is to be expected, because
in both cases 𝑟𝑝 defines the condition of zero current density.

Provided that no perforation has occurred and the applied field is below the
field of full penetration, this flux is zero (not so the magnetic field, as shown in
Fig.2). At high temperatures (e.g. 7 K), the Meissner region (Φ = 0) is followed
by a linear increase in field starting at the penetration field. This regime is well
explained by the conventional critical state model. The slope of the linear increase
is the same as the one corresponding to an uniform field, since the currents have
reached their saturation value everywhere and the screening remains constant. A
different story unfolds at low temperatures, where avalanches appear and a step-wise
(quasi-periodic) behavior is observed, with each step corresponding to an avalanche.
The fact that the screening in the avalanche regime (quantified by Φ𝑠𝑒𝑙 𝑓 ) is poorer
than in the critical state indicates that the avalanches reduce the average screening
current flowing in the ring. It is worth noting that the injection of flux is not enough
to equal the external field with the internal one; there remains always a screening
effect. As discussed below, this is not always the case, particularly in narrow rings.

Indeed, smaller Nb rings (𝑅𝑜 = 800 µm, and 𝑅𝑜 − 𝑅𝑖 = 50, 100, 200, 300 µm)
investigated by Shvartzberg et al.[54] show that dendrites crossing the entire width
of the ring appear when the difference between the applied field and the average field
inside the central hole reaches a certain threshold level Δ𝐻𝑡ℎ (see Fig.4(d)). This
gives rise to a quasiperiodic step-wise increase of the inner field 𝐻𝑖 . The authors
show that Δ𝐻𝑡ℎ increases with increasing 𝑅𝑜 − 𝑅𝑖 whereas the first perforation field
remains independent of 𝑅𝑜 − 𝑅𝑖 . Unlike the situation reported for large rings, in that
work it is shown that the first nucleating dendrite always crosses the entire width of
the ring. In addition, each injection of flux levels up the inner field with the applied
field. Interestingly, in Ref.[55] it was theoretically predicted that the presence of
pinning should lead to smaller steps in the staircase dependence.

Rigorous numerical modeling of the effects described above and including pinning
(a weak quenched disorder is introduced by randomly decreasing the critical current
density by 10% at 5% of the grid points) have been able to faithfully reproduce the
experimental findings [46]. Fig.5 shows the numerical results for the case of MgB2
with 𝑇𝑐 = 39 K, i.e. corresponding to the experimental conditions of Ref.[40, 45]. At
low temperatures, avalanches are triggered without leading to perforation, whereas
at high temperatures, the first avalanche leads to perforation. After the applied
field reaches about 11 mT at 20 K, the average magnetic field in the central hole
increases linearly with the applied field due to the saturation of the current in
the superconducting ring. Note that at high temperatures, the average field in the
hole jumps to the value of the applied field. In contrast to that, at relatively low
temperatures (7 K), the average field in the hole no longer jumps to the value of
the applied field due to the shrinking of the heated flux channel with decreasing
temperature, resulting in less flux being injected into the central hole. The threshold
field 𝐻𝑡ℎ to trigger avalanches in a ring-shaped superconductor of constant outer



Magnetic lightning in macroscopic superconducting ring structures 11

Fig. 5 (a-d) Simulated distributions of out-of-plane magnetic field in a single superconducting ring
exposed to an increasing applied magnetic field with ramp rate 100 T/s at (a) 𝑇0 = 7 K (magnetic
perforation happens at 𝜇0𝐻𝑝=6.5 mT); (b) 𝑇0 = 11 K and 𝜇0𝐻𝑝 = 9.4 mT; (c) 𝑇0 = 15 K and
𝜇0𝐻𝑝 = 15.3 mT; (d) 𝑇0 = 20 K and 𝜇0𝐻𝑎 = 12 mT. The color bars indicate the local magnetic
field component in mT. Panel (e) shows the average magnetic field in the central hole of the ring
as a function of the applied field. (f) The threshold field 𝜇0𝐻𝑡ℎ for the onset of flux avalanches in
superconducting rings of different sizes as a function of the inner radius 𝑅𝑖 . The width 𝑤 = 𝑅𝑜−𝑅𝑖 .
The case of constant 𝑅𝑖 and variable 𝑅𝑜 is shown with blue squares and corresponds to the upper
abscissa. Figure reproduced from [46].

radius is independent of the rim width [54] (see open star symbols in Fig.5(f)).
However, 𝐻𝑡ℎ must depend on the sample size since the local field at the border of
the ring is increased by a large geometric factor ∼ 𝜇0𝐻

√︁
𝑅𝑜/𝑑. Indeed, as shown in

Fig.5(f), the threshold field for rings with a fixed rim width (the symbols connected
by solid lines) and that for rings with a fixed 𝑅𝑖 (the square symbols connected by a
blue dotted line), both decrease with the radius 𝑅𝑜 (upper axis) of the ring at different
temperatures. This argument leads one to conclude that the threshold field should
decrease with increasing 𝑅𝑜, as observed in Fig.5(f).

6 Domino effect in a double concentric ring configuration

Encouraged by the successful description of the experimental results based on the
numerical modeling, Jiang et al.[46] explored experimentally and numerically the
possibility of further protecting a ring by placing it inside another ring so as to
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form a concentric double ring structure. Interestingly, it seems that this strategy
does not really pay off since a flux jump in the outer ring triggers a flux jump
in the inner ring, a phenomenon coined domino effect (see Fig.6). The authors of
Ref.[46] suggest that during the process of magnetic perforation in the outer ring,
the local current distribution decline near the preceding flux channel in the outer
ring produces a ripple effect on the local magnetic field profile in the gap and at
the edge of the inner ring. This effect ultimately leads to the domino effect of flux
avalanches in the concentric rings. Namely, the domino effect of the thermomagnetic
instability in such superconducting films with topological structures is not generated
by the simple superpositions of flux behavior in the two rings, but depends on the
competition between the divergence of the local field at the edge of the inner ring
and the shielding by the neighboring ring. As expected, by decreasing the spacing
between the concentric rings, the domino effect is reinforced.

Fig. 6 Splitting a single ring
into two concentric rings (a)
can help to avoid avalanches
in the inner ring when com-
pared with the initial ring of
the same outer diameter. (b)
Simulated distribution of the
out-of-plane magnetic field in
two concentric superconduct-
ing rings after the formation
of the first flux channel in the
inner ring. The black ellipse
indicates the loci of the mag-
netic perforation occurring
almost simultaneously at the
inner and outer rings (domino
effect). Figure reproduced
from [46].

Let us now compare the response of a single ring of outer diameter 𝑅𝑜 and inner
diameter 𝑅𝑖 , with that corresponding to the same ring but split to form a double
ring structure by removing material and introducing a gap. The inner ring will be
labelled 1 and the outer ring 2 (as in Fig.6(a)), and the geometrical parameters will
be 𝑅𝑖1 = 𝑅𝑖 , 𝑅𝑜2 = 𝑅𝑜, 𝑅𝑜1 = 𝑅𝑜/2, and 𝑅𝑖2 = 3𝑅𝑜/4. Fig. 7 shows the simulated
distribution of magnetic field for the initial single ring (lower row) and for the split
ring (upper row). For the double ring structure, when the applied field reaches 7.1
mT, a flux channel is formed in the outer superconducting ring, through which the
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magnetic flux is injected into the outer hole and nucleates at multiple positions on the
edge of the inner ring (see panel (a)). Remarkably, the flux channel in the concentric
superconducting rings terminates at the outer hole, and does not extend to the central
hole. With further increasing the applied field to 10 mT, there is still only one flux
avalanche triggered in the concentric rings as shown in Fig. 7(b). However, at the
same applied field of 10 mT, several flux avalanches occur in the single ring and
form two flux channels (Fig. 7(d)). Surprisingly, the outer hole of the concentric
rings shows a stabilization effect, somewhat reminiscence of the stop hole described
in Ref.[56]. This result indicates that despite the domino effect, the two-concentric-
rings structure cannot only reduce the scale and frequency of flux avalanches, but
also effectively improves the thermomagnetic stability of the inner superconducting
films, avoiding flux injection into the central hole of the system.

Fig. 7 Simulated distribution of magnetic field in two concentric superconducting rings [(a) and
(b)], and in the single superconducting ring [(c) and (d)] for 𝑇 = 10 K and field ramp rate 100 T/s.
The smallest and largest diameters is the same for the two considered structures. The final applied
field is indicated in the panels. Figure reproduced from [46].

The authors of Ref.[46] went further in their investigation and established a
diagram indicating the different flux penetration regimes depending on the ratio
between the outer radii of the concentric rings 𝑅𝑜1/𝑅𝑜2, as shown in Fig. 8. In this
figure, 𝑅𝑜2 is fixed to 2.2 mm and therefore, as 𝑅𝑜1 increases, the gap between the two
rings closes up. The ordinate represents the threshold field for the thermomagnetic
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instability in the inner ring. Note that the threshold field of the inner ring increases
with 𝑅𝑜1. At small values of 𝑅𝑜1, the inner ring remains stable until the flux is injected
into the outer hole through a perforated channel in the outer ring. In this regime,
flux avalanches are triggered in the inner ring without the formation of flux channel
connecting the outer hole and the central hole of the superconducting concentric
rings. When 𝑅𝑜1 increases above ∼ 0.52𝑅𝑜2, a crossing dendrite is formed in the
inner ring following the magnetic perforation event in the outer ring. In other words,
the first avalanche in the outer ring produces magnetic perforation which in turn
triggers the first avalanche in the inner ring also giving rise to magnetic perforation.
This is the so-called domino effect in which the flux is injected into the central hole
of the superconductor, and develops when the gap between the rings is decreased
below certain threshold value.

Fig. 8 Simulated threshold field 𝜇0𝐻𝑡ℎ for the onset of the avalanches in the inner ring
𝜇0𝐻𝑡ℎ−𝑖𝑛𝑛𝑒𝑟 as a function of 𝑅𝑜1/𝑅𝑜2 with fixed 𝑅𝑜2 = 2.2 mm for 𝑇 = 11 K, field ramp
rate of 100 T/s. The magnetic perforation takes place at an applied field 𝜇0𝐻𝑚𝑝 . Figure reproduced
from [46].

The study presented in this section may also have some implications for analyzing
electric breakdown in multilayered dielectric heterostructures. In addition, it could
be interesting to further explore the domino effect of thermomagnetic instability in
several concentric rings (more than two rings).
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7 Conclusion

In this chapter, we have succinctly discussed the process of magnetic flux filling in a
macroscopic superconducting ring. Superconducting multiply-connected structures
have found applications in a large diversity of domains, including storage rings, super-
conducting magnets, superconducting resonators, sensors, optical devices, magnetic
traps, and many more for which the physics described in this chapter can be at play.

An elegant application of the physics of thermomagnetic instabilities in super-
conducting rings discussed in the previous sections appears in the response of su-
perconducting resonators. Fig.9(a) schematically shows a quarter-wavelength super-
conducting resonator consisting in a coplanar waveguide with capacitively coupled
resonators, all surrounded by a ground plane. This device is topologically similar
to the structures indicated by the black arrows, which eventually evolve into ring
structures. Therefore, it comes as no surprise that the different regimes appearing
at 𝐻 < 𝐻𝑝 (Meissner phase) and 𝐻 > 𝐻𝑝 (magnetic perforation and subsequent
dendritic avalanche triggering), have a direct impact on the quality factor of the
resonator, as discussed in Ref.[57].

Furthermore, single-ring structures interrupted by a Josephson junction are the
essential ingredient in rf superconducting interferometers [58, 77]. A similar config-
uration has been proposed by Savinov et al.[60] as a superconducting metamaterial
where the array’s motif consists of a superconducting loop surrounded by a split-
ring resonator. In this system, an incident electromagnetic wave polarized along the
split-ring resonator gap drives an oscillating current in the resonator, producing an
oscillating magnetic field embraced by the split ring. For large enough excitations,
the applied flux can induce transitions between the different quantum flux states of
the inner ring, dynamically modifying the inductance and the resonant properties of
the LC circuit (so-called meta-molecule).

Similarly, concentric superconducting ring structures might be relevant for low-
frequency superconducting metamaterials [61, 62] and microstrip ring antennas[63].
In addition, diverse applications of superconducting rings can be identified, such as
magnetic trapping of cold atoms [64] or as a condensed matter toy system to demon-
strate the Zurek-Kibble scenario of early universe development [65]. In addition,
it has been recently demonstrated theoretically the generation of supercurrent in
superconducting rings under the influence of circularly polarized electromagnetic
waves in the fluctuation regime above the critical temperature [66], the possibility to
manipulate current-carrying states in a superconducting ring with circularly polar-
ized radiation [67], and obtain chirality-controlled spontaneous currents in spin-orbit
coupled superconducting rings [68]. Superconducting rings have also been proposed
as a platform to store information which can be electrically controlled and accessed
[69]. We have already evoked the qualities of superconducting cylinders to screen an
axial magnetic field in ZFC conditions. In this context, it is particularly interesting the
work of Brialmont et al. [70], which investigates the shielding properties of a stack
of hundreds of ring-shaped YBCO coated conductors on ferromagnetic substrates.
This system is intermediate between a single flat ring and a long cylinder. These
authors demonstrate that at room temperature, the ferromagnetic material provides
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a shielding factor > 1 for axial and transversal magnetic field directions. For tem-
peratures below the superconducting transition of the YBCO, the superconducting
layers contribute to the shielding of the axial component of the applied magnetic
field, whereas the transverse component is mainly shielded by the ferromagnetic
substrates of the tapes. The opposite behavior, i.e. to trap large amounts of magnetic
flux and behave as permanent magnet, is also a very active line of technological
research [71, 72, 73].

Fig. 9 (a) On-chip superconducting quarter-wavelength resonator and topologically similar struc-
tures. (b,c) Magneto-optical images of a NbTiN resonator as the one sketched in panel (a) for
different applied fields: 0.4 mT (b) corresponding to the Meissner state and 1.3 mT (b) corre-
sponding to magnetic flux avalanches regime. Panels (d,e) show the difference between consecutive
images. Magnetic perforation indicated by a dotted circle in panel (d) leads to sudden injection of
flux in the excitation line and the resonators (intense red color). New developing avalanches become
apparent after differential imaging in panel (e). Figure reproduced from [57].

Concerning the perspectives of the research on superconducting rings, it would
be interesting to dig further into 3D rings involving non-trivial topologies such as
Möbius or eight-shape structures for which experimental investigations lag behind.
Current nanofabrication techniques [74, 75, 76] are able to produce such intricate
3D architectures. Another research direction which deserves attention and for which
much has already been done is the impact of surface defects (in the inner as well
as outer rims) in addition to defects, imperfections, and pinning centres in the body
of the ring. We have mainly focused on circular rings, under homogenous axial
magnetic magnetic fields. A subject we have not touched upon in this Chapter is
the response of rings to in-plane or tilted fields, particularly relevant for cloaking
metasurfaces. We have also left out inhomogeneous fields, or loops with shapes
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other than circular [77], for which current crowding and expanding may favour or
disfavour privileged nucleation points of the normal phase. In all fairness, attempting
to comprehensively address the physics of superconducting rings, including mate-
rial, geometry, excitation frequency, temperature, and other parameters, represents
a challenging task that goes beyond the scope of this Chapter. Actually, this Chapter
does not intend to provide a comprehensive review of scientific contributions to the
subject but rather to present a subjective view aimed at telling a story. Therefore,
the literature and references discussed in this context should not be considered ex-
haustive. This story primarily concerns the unwanted and harmful appearance of
flux avalanches in superconducting rings, which may be detrimental to the many
foreseen applications involving this topology. The in-depth knowledge acquired on
this particular problem should be instrumental in guiding us in the continuous quest
for solutions and mitigation strategies to avoid thermomagnetic instabilities.
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