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Influence of a nonuniform thermal quench and circular polarized radiation on spontaneous
current generation in superconducting rings
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We theoretically study the nonequilibrium dynamics of the order parameter of a superconducting ring inhomo-
geneously quenched through its transition temperature. Numerical simulations based on spectral decomposition
of the time-dependent Ginzburg-Landau equation reveal that current-carrying superconducting states can be
generated in the ring under certain fast local temperature quench conditions. We also show that illumination
of the ring with a circularly polarized electromagnetic radiation during rapid cooling strongly promotes the
generation of current-carrying states with rotation directions controlled by the helicity of the radiation field.
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Introduction. Advances in the control and manipulation
of macroscopic quantum systems now make it possible to
study in detail the dynamics of phase transitions and the
symmetry breaking processes that can result, such as those
associated with the Kibble-Zurek mechanism (KZM) [1–4].
This mechanism explains the spontaneous generation of topo-
logical defects that occur in the order parameter of a system
subjected to a rapid thermal quench leading to the spontaneous
formation of Abrikosov vortices in superconductors. Indeed,
when the thermal quenching time tQ is shorter than the re-
laxation time of the system τ�, the system is driven out of
equilibrium and its symmetry is locally broken. This results in
the formation of ordered regions with a typical size of about
the correlation length ξ . The separate regions, whose relative
phases are random, increase in size during the transition until
they merge and eventually lead to the formation of vortices.
The spontaneous generation of vortices upon rapid cooling
has been demonstrated in superconducting films [5–8], heated
by pulsed laser light above the critical temperature, and fol-
lowed by a rapid cooling (rates >0.1 K/ns), through the
continuous phase transition. Magneto-optical images of vor-
tices and antivortices randomly generated by KZM in niobium
films have been reported [6,7].

An important step toward applications in vortex-controlled
Josephson transport [9–11] is the development of a simple
and scalable method to generate a vortex at any desired loca-
tion of a superconducting electrode. The generation of single
vortex pairs has been discovered upon local suppression of
superconductivity caused by heating around a scanning tun-
neling microscope tip [12]. Recently, the on-demand optical
generation of permanent single vortices at any desired position
in a superconductor has been demonstrated. It is based on a

fast quench following the absorption of a tightly focused laser
pulse that locally heats the superconductor above its critical
temperature [13]. The experiment revealed ex nihilo creation
of a single vortex pinned at the center of the hot spot with its
counterpart opposite flux trapped tens of micrometers away at
the superconductor boundaries.

In isolated superconducting rings, made of high-quality Nb
films, Monaco et al. [14] studied the probability of single
fluxoid generation over a wide range of parameters. They were
able to vary the cooling rate over a range of more than four
orders of magnitude and found that the probability clearly fol-
lows a scaling relation on the quenching time expected for the
KZ mechanism. Previously thermally activated vortex states
were observed by Kirtley et al. [15] in amorphous Mo3Si rings
when cooled through the normal-superconducting transition.

Recently, in order to explore new ways for the generation
of light-stimulated magnetic states in superconducting sys-
tems [16], a theoretical description of the inverse Faraday
effect (IFE) [17,18] in superconductors has been developed.
It was experimentally demonstrated that illumination of the
toroidal atomic Bose-Einstein condensate, an artificial su-
perfluid system, by twisted light carrying a nonzero angular
momentum produces dc persistent supercurrents [19,20]. Sim-
ilar light-stimulated persistent currents can be expected in
conventional solid-state superconductors [16].

In this Letter, we perform simulations based on time-
dependent Ginzburg-Landau (TDGL) equations to show that
the nonuniform cooling of a superconducting ring favors the
generation of current-carrying superconducting states in the
ring under certain fast local temperature quench conditions.
We also show that in the case of uniform cooling, an illumi-
nation of the ring with a circularly polarized electromagnetic
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FIG. 1. Scheme of the thin superconducting ring on a substrate
(top) nonuniformly cooled down after pulsed laser excitation; (bot-
tom) uniformly cooled down after circularly polarized laser beam
excitation. The yellow region at the ring corresponds to the hot/cold
region at −s0/2 < s < s0/2.

radiation during a rapid quench strongly promotes the gen-
eration of current-carrying states through IFE with rotation
directions controlled by the helicity of the radiation.

Model and general settings. We consider a planar super-
conducting ring having radius R (see Fig. 1), with width d and
a thickness much smaller than the superconducting coherence
length ξ (T ) [21]. The ring is deposited on a thick transparent
substrate with a very large heat capacity to ensure a high
cooling rate.

We consider the situation when the ring is heated by a laser
pulse up to the temperature Theat above its critical temperature
Tc0, and then starts to cool down rapidly to the substrate
temperature T0 < Tc0. Introducing δ̃T = (Theat − T0)/Tc0, we
can model the evolution of the ring temperature as

T G(t ) = T0 + δ̃T Tc0 f
(
t/tG

Q

)
, (1)

with f (x) = exp(−x), and tG
Q the quenching time. We con-

sider the situation where a small region of the ring −s0/2 <

s < s0/2 has more (less) effective heat contact with the sub-
strate with a different local quench time tL

Q. In this region

T L(t ) = T0 + δ̃T Tc0 f
(
t/tL

Q

)
. (2)

The situation tL
Q < tG

Q corresponds to a “cold point,” while
tL
Q > tG

Q corresponds to a “hot point.” Assuming s0 � ξ (T )
[local region modeled by the δ(r) function], we obtain for the
temperature evolution

T (θ, t ) = T0 + δ̃T Tc0 f
(
t/tG

Q

)
+ δ(θ )

s0

R
δ̃T Tc0

[
f
(
t/tL

Q

) − f
(
t/tG

Q

)]
, (3)

where θ is the polar angle related to the curvilinear coordinate
s = Rθ . Note that the appearance of hot/cold points may oc-
cur occasionally or intentionally due to the nonhomogeneous
thermal contact between the superconducting ring and sub-
strate. For example, the presence/absence of the small oxide
island on the substrate should play a role of a heat ascent/sink

with a different local quench time. A similar situation may
be realized in samples with an inhomogeneous thickness
and/or attached contacts. Point defects can also decrease the
thermal conductivity and hence modify the thermal quench
locally [22,23].

In the following we use the dimensionless coordinate
s/ξ (0), where ξ (0) = 0.85

√
ξ0l is the zero-temperature su-

perconducting coherence length in the dirty limit (ξ0 =
h̄vF /2πTc0) and l � ξ0 is the electron’s mean free path. The
size of the region where the local quench is more (less)
pronounced is characterized by the dimensionless parameter
γ0 ≡ s0/ξ (0).

To address the problem of fluctuation-driven nucleation
and dynamics of the condensate we solve the stochastic time-
dependent Ginzburg-Landau (sTDGL) equation of motion,
which includes the Langevin term [24–26]. Assuming a ring
radius smaller than the length of the relaxation of the electron-
hole imbalance potential [24], we may eliminate the scalar
potential from TDGL equations. We neglect the contribution
to the magnetic field from the superconducting current, which
is fully justified when the cross section of the ring-shaped
superconductor is much smaller than the square of the London
penetration depth λ2(T0). Expressing the spatial coordinates
in units of ξ (0), the time in units of characteristic relaxation
time τ� = π h̄/[8(Tc0 − T0)] at temperature T = T0, and the
vector potential A(r, t ) in units of 
0/2πξ0, one can write the
sTDGL equation in the dimensionless form

��

∂�(r, t )

∂t
= Tc0 − T (r, t )

Tc0ε0
�(r, t ) − |�(r, t )|2�(r, t )

− ε−1
0 (i∇ + A)2�(r, t ) + ζ (r, t ). (4)

Here, ε0 = 1 − T0/Tc0 and the complex relaxation time �� =
1 + iη takes into account a small imaginary part η arising
from an electron-hole asymmetry [24,27–29]. The stochastic
force ζ (r, t ) describes the Gaussian random field of thermal
fluctuations with “white-noise” correlations [30,31].

Considering the ring-shaped geometry described by the
angle θ = s/R, we may write the order parameter as

�(θ, t ) =
Nc∑

n=−Nc

ψn(t )e−inθ . (5)

The sTDGL transforms into a system of coupled differential
equations for modes ψn(t ),

��

∂ψn(t )

∂t
=

[
1 − T G(t ) − T0

Tc0ε0
− 1

ε0R2
n2

]
ψn(t )

−
∑
l,m

{ψl (t )ψ∗
m(t )}ψn+m−l (t )

− γ (t )

Tc0ε0

∑
n

ψn(t ) + ζn(t ), (6)

where Nc sets a maximum number of modes we retain
in our numerical calculations, γ (t ) = γ0δ̃T Tc0[ f (t/τ L

Q ) −
f (t/τG

Q )]/R, and ζn(t ) is the spectral representation of the
noise term. We use the dimensionless local and global
quench times, τG

Q ≡ tG
Q /τ� and τ L

Q ≡ tL
Q/τ�, respectively. For
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FIG. 2. State ψn=|1| generation probability as a function of local quench time τ L
Q for (a) τG

Q = 2 and (b) 4. The probabilities are presented
for local quenching strengths γ0 = 0 (black), γ0 = 0.1 (red), γ0 = 0.2 (green), γ0 = 0.5 (blue), and γ0 = 0.8 (cyan). (c) State ψn=|1| generation
probability as a function of quenching parameter γ0 for τG

Q = 2. The probabilities are simulated for τ L
Q = 0.8 (red), τ L

Q = 1.0 (green), τ L
Q = 1.2

(blue), τ L
Q = 1.4 (cyan), and τ L

Q = 1.6 (magenta). (d) Same as (c) for τG
Q = 4 and τ L

Q = 2.8 (red), τ L
Q = 3 (green), τ L

Q = 3.2 (blue), τ L
Q = 3.4

(cyan), and τ L
Q = 3.6 (magenta).

details of the derivation of the dimensionless stochastic
force term, see the Supplemental Material [32] (see also
Refs. [21,30,31,33–39] therein).

The local quench effect. We first concentrate on the KZM
in the presence of a local quench and consider the real re-
laxation time �� = 1. Note that the presence of a small
imaginary part in the relaxation time does not qualitatively
change the obtained results, but simply decreases the probabil-
ity of the current state generation. The initial state corresponds
to the absence of superconductivity Theat > Tc0. The final
equilibrium (metastable) state at T = T0 is obtained by the
integration Eq. (6) at t > 0 with the temperature profile of (3).
We simulate the dynamics of ψn(t ) by integrating the spec-
tral sTDGL equation numerically using a fifth-order adaptive
step-size Cash-Karp Runge-Kutta algorithm for more than
Nit = 500 noise realizations. Various observables, such as the
probability of the nth mode, can be obtained after averaging
over Nit noise realizations to provide a reliable and meaningful
statistical estimate.

In the simulation we use the following parameters: ring
radius R = 9.45, reduced equilibrium temperature ε0 = 0.1,
temperature rise δ̃T = 2, size of the local quench 0 � γ0 �
1.0, and the characteristic times of the local and global
quenches 0 � τ

L(G)
Q � 10. We compute individual stochastic

trajectories up to t = 200 (there are no observable changes
for t � 70).

When the global temperature reduces below Tc0, a normal
supercooled phase develops. This phase is unstable, and de-
cays into one of the minima due to the noise ζn(t ) fluctuations.
Then nucleation of superconductivity starts and leads to a
single stable mode after the decay of all the other ones (see
the Supplemental Material Fig. S1 [32]). The probability of
the nth mode realization, Pn(ψn; ∞), is obtained after a time
evolution t = 200.

Figure 2 shows the probability to find the stationary final
state n = |1|, P|1|(ψ|1|; ∞) as a function of local cooling du-
ration τ L

Q and local quench strength γ0. The results presented
in the figure correspond to two values of the global cooling
quench durations [τG

Q = 2 (left panels) and τG
Q = 4 (right pan-

els)]. One can clearly see that the probability of finding a
final state with |n| = 1 is rather large (up to 15%), while the
probability of obtaining |n| > 1 states is negligibly small. As
expected, the calculations show that the probability of gener-
ating a fluxoid with n = +1 is the same as that with n = −1.

Therefore the figure displays only the joint probability, for
|n| = 1. Clearly, an increase of the global quench time reduces
the probability of n �= 0 state generation, in accordance with
KZM.

One may see that the presence of a cold spot provides
more favorable conditions for |n| = 1 orbital state genera-
tion compared to a hot spot. In both cases the presence of
a local quench can increase the probability of n = ±1 state
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FIG. 3. Probability of a final stationary state ψn as a function of the normalized amplitude κL/ωL for ωL = 1.0, δT = 2, and τG
Q = 1. The

upper figures show the case of left circular polarization σ−, and the lower ones show the case of right circular polarization σ+. The data are
calculated for τ = 25 (red), τ = 50 (green), τ = 75 (blue), and τ = 100 (magenta). Note the differences in the ordinate scales.

generation as compared to the uniform cooling (up to
20%–30% for the cold spot). The reason for this phenomenon
is as follows. As we can see from Eq. (6), the presence of
local quench plays the role of an additional force generating
harmonics. The leading harmonics in the fluctuation regime is
n = 0 and the presence of a local quench of the cold point type
decreases the effective temperature for n = 0 harmonics. This
increases the cooling rate that makes the KZ mechanism of
|n| = 1 state generation more efficient. For the hot point local
quench the situation is inverse, which is why the local quench
is less effective for |n| = 1 state formation.

The data presented in (2) show that the initial increase of
the probability of |n| = 1 state generation as a function of
the local quench parameter is replaced by a decrease for its
higher values. This is related to the initial transition into a
state strongly localized near a cold point with an optimal size.
This specific mode dominates all other types of fluctuations at
the critical regime and evolves into an n = 0 state with further
slow cooling.

Effect of circularly polarized light. We consider the circular
polarized electromagnetic wave of frequency ω and wave
vector k, perpendicular to the plane of the ring (right scheme
in Fig. 1). The intensity of the radiation is supposed to be
weak enough to avoid its heating effect. The electric field for a
circularly polarized radiation (σ+ right, σ− left polarizations)
is

Eσ± (r, t ) = E0[± sin (k · r − ωt ), cos (k · r − ωt ), 0], (7)

where E0 is the field amplitude. The corresponding di-
mensionless angular component of the vector potential is
Aσ±

θ (θ, t ) = (EL/ωL ) cos(θ ∓ ωLt ). Here, we introduce the di-
mensionless frequency ωL = ωτ� and the dimensionless field

amplitude EL = E02πcξ0/(
0τ
−1
� ). Thus the sTDGL equa-

tion with the complex relaxation time �� = 1 + iη acquires
the form

��

∂ψn(t )

∂t
=

[
1 − T G(t ) − T0

Tc0ε0
− 1

ε0R2
(n)2

]
ψn(t )

−�σ±
n −

∑
l,m

{ψl (t )ψ∗
m(t )}ψn+m−l (t )

− 2
κ2

L

ω2
L

ψn(t ) + ζn(t ), (8)

where

�σ±
n = 2

(
n + 1

2

)
1√
ε0R

κL

ωL
e−iωLtψn±1

+ 2

(
n − 1

2

)
1√
ε0R

κL

ωL
eiωLtψn∓1

+ κ2
L

ω2
L

e−2iωLtψn±2 + κ2
L

ω2
L

e2iωLtψn∓2, (9)

and κL = EL/(2
√

ε0).
Figure 3 demonstrates how the probabilities of the realiza-

tion of states ψn=−1, ψn=0, and ψn=+1 evolve as a function
of the amplitude of the circularly polarized radiation with
normalized frequency ωL = 1.0, cooling quench time τG

Q = 1,
and imaginary part of the relaxation constant η = 0.2 for sev-
eral values of the laser pulse duration and for both σ− and σ+
circular polarizations. The results are obtained at t = 200, i.e.,
when the system has reached a stationary regime. Calculations
show that only the low harmonics with n � |1| are excited. We
may see that in the region, where the role of the circular polar-
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ized radiation is important, the positive helicity promotes the
n = −1 state realization while it is the n = +1 state, which is
promoted for the negative helicity. Importantly, for n = |1| the
ratio of the probabilities of the states n = ±1 realization can
exceed an order of magnitude. Furthermore the probability of
generating the desired current state can be as high as 80%.

As we may see from Eq. (8), the term 2 κ2
L

ω2
L
ψn(t ) plays the

role of the increase of temperature and when the condition
κL/ωL > 1/

√
2 is fulfilled, the effective temperature exceeds

Tc0 and superconductivity may start nucleation only when
radiation is switched off.

Our calculations reveal a formation under the influence of
the IFE of rather complicated metastable states, involving the
higher harmonics ψn. However, when the polarized radiation
is switched off, the final states are only n = 0 or n = ±1
with the probabilities presented in Fig. 3. (For the individ-
ual tracking of stochastic trajectories, see the Supplemental
Material [32]).

The IFE is related with the imaginary part of the relaxation
constant η and disappears when η → 0. The finite value of η

is due to the presence of the electron-hole asymmetry [24,27–
29], and we may expect relatively large values of η in the
multiband superconductors or in superconductors with a not
too small Tc/EF ratio as the high-Tc superconductors or FeSe
superconductors where Tc ∼ 0.3EF [40].

Conclusions. We have demonstrated that a nonhomoge-
neous thermal quench may strongly increase the probability
of spontaneous current generation in small superconducting
rings via the KZM. By combining the KZM with the IFE
induced by a circular polarized radiation, we may effectively
discriminate between the states with different current polar-
ities. Our findings open a way to the all-optical generation
of the current states in mesoscopic superconducting systems
and allows us to suggest the laser-driven critical dynamics as
a method of highly controllable manipulation of the vortex
topological charge in superconducting systems.

For the experimental realization of the discussed effects
an array of small superconducting rings can be a suitable
system. For example, in Ref. [41] the experiments have been
performed with Nb nanorings with a width and thickness
∼30–50 nm, radius R as small as 300 nm, and λ ∼ ξ ∼
100 nm. The nanorings of this type satisfy the conditions of
the applicability of our analysis and should generate a mag-
netic field in an n = 1 current carrying state at the center of the
ring of the order of B(0) ∼ 
0ξ

2ε0

λ2R2 ∼ 10−4T . Such a magnetic

field may be easily detected, for example, by a magnetome-
ter based on nitrogen vacancies in a diamond [42–44] or
even a nano-SQUID (superconducting quantum interference
device) [45].

The sapphire substrate serves as a very effective thermal
bath and the thermal quench time is basically determined by
the duration of the laser pulse [5,6]. In Ref. [13] the used laser
pulse duration was, for example, 2 ps which permitted us to
perform the detailed study of the KZM of vortex generation.
Such short pulse durations may easily realize a regime with a
characteristic dimensionless quench τG

Q ∼ 1, discussed in the
present Letter.

Concerning the interplay between KZM and IFE, we note
that the dimensionless frequency of the circular polarized
radiation ωL = ωπ h̄

8Tc0ε0
∼ 1 corresponds in the case of Nb to the

THz range of the frequencies (or far infrared in the case of
the high-Tc superconductors). The intensity of radiation cor-
responding to the normalized amplitude, κL/ωL = 1

2
√

ε0

EL
ωL

≈
0.3, where the role of the IFE starts to be pronounced, is
I0 ≈ 3 mW/cm2. This is a rather modest intensity to provoke
a substantial heating of the sample. Indeed, owing to the high
thermal conductivity of sapphire [46], which is of the order of
103 W/mK, the temperature increase of the superconducting
ring on the sapphire substrate of 1 μm thickness will be only
of the order of 3 × 10−2 K. Note that the electronic tem-
perature may differ from the lattice (substrate) temperature.
In experiments [47] the electron-phonon relaxation time at
T = 8 K in thin Nb films was estimated as 0.1 ns. As we con-
sider a quasistationary circular polarized radiation the electron
temperature should be basically the same as a lattice one.
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