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In superconductors, the motion of vortices introduces unwanted dissipation that is disruptive to applications. For-
tunately, material defects can immobilize vortices, acting as vortex pinning centers, which engenders dramatic im-
provements in superconductor material properties and device operation. This has motivated decades of research into
developing methods of tailoring the disorder landscape in superconductors to increase the strength of vortex pinning.
Yet efficacious materials engineering still eludes us. The electromagnetic properties of real (disordered) superconduct-
ing materials cannot yet be reliably predicted, such that designing superconductors for applications remains a largely
inefficient process of trial and error. This is ultimately due to large gaps in our knowledge of vortex dynamics: the field
is challenged by the extremely complex interplay between vortex elasticity, vortex-vortex interactions, and material
disorder.

In this Perspective, we review obstacles and recent successes in understanding and controlling vortex dynamics
in superconducting materials and devices. We further identify major open questions and discuss opportunities for
transformative research in the field. This includes improving our understanding of vortex creep, determining and
reaching the ceiling for the critical current, advanced microscopy to garner accurate structure-property relationships,
frontiers in predictive simulations and the benefits of artificial intelligence, as well as controlling and exploiting vortices
in quantum information applications.

I. INTRODUCTION

Distinguished for their ability to carry high dissipation-less
currents below a critical temperature Tc, superconductors are
used in motors, generators, fault-current limiters, and particle
accelerator magnets. Their impact spans beyond these exam-
ples of large-scale applications, also affecting nanoscale de-
vices. Perhaps most renowned for their key role in the quan-
tum revolution, superconductors constitute building blocks in
current and next-generation devices for computing and sens-
ing. For example, superconducting photons detectors feature
high-resolutions due to high kinetic inductance and a sharp
superconductor-to-normal phase transition. Moreover, super-
conductors can be configured to form anharmonic oscillators
that can be exploited in quantum computing.

Notwithstanding these successes, the performance of su-
perconducting devices is often impaired by the motion of
vortices—lines threading a quantum Φ0 = h/2e of magnetic
flux through the material (see Fig. 1). Propelled by electri-
cal currents and thermal/quantum fluctuations, vortex motion
is dissipative such that it limits the current-carrying capac-
ity in wires, causes losses in microwave circuits, contributes
to decoherence in qubits, and can also induce phase transi-
tions. Understanding vortex dynamics is a formidable chal-
lenge because of the complex interplay between moving vor-
tices, material disorder that can counteract (pin) vortex mo-
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tion, and thermal energy that causes vortices to escape from
these pinning sites. Furthermore, as depicted in Fig. 2, in
three-dimensional samples (bulk crystals or thick films), vor-
tices are elastic objects that form complicated shapes as they
wind through the disorder landscape, reshaping and moving
under the influence of current-induced Lorentz forces.

These complexities encumber predictability: we can neither
predict technologically important parameters in superconduc-
tors nor prescribe an ideal defect landscape that optimizes
these parameters for specific applications. Though modifying
the disorder landscape, e.g. using particle-irradiation or by in-
corporating non-superconducting inclusions into growth pre-
cursors, can engender dramatic enhancements in the current
carrying capacity, these processes are often designed through
a trial-and-error approach. Furthermore, the optimal defect
landscape is highly-material dependent. This is because the
efficacy of pinning centers depends on the relationship be-
tween their geometry and the vortex structure, the latter being
determined by parameters of the superconductor such as the
coherence length ξ , penetration depth λ , and the anisotropy
γ , see Fig. 1. For example, though particle irradiation has
successfully increased (even doubled) the critical current in
cuprates and certain iron-based superconductors, the same
ions and energies do not produce universal effects in materials
belonging to the same class of superconductors.1,2

Though we can indeed tune the disorder landscape, we cer-
tainly do not have full control of it. Defects such as stacking
faults, twin boundaries, and dislocations are often intrinsic to
materials and their densities are challenging to tune. As a

mailto:serenaeley@mines.edu


2

FIG. 1. Frontiers in vortex matter research offering transformative
opportunities:A vortex creep,B pinning at the extreme,C super-
conducting radio frequency (SRF) cavities & quantum circuits,D
arti�cial intelligence (AI) for vortex matter genome, andE vortex
microscopy. The black line visualizes the vortex core. Yellow region
shows how the density of superconducting electron pairs decays to-
wards the center of the core (of size� x , coherence length). Blue
plane (with arrows) represents amplitude of supercurrent, circulating
around the core of radius up to the penetration depthl .

further complication to understanding vortex-defect interac-
tions, superconductors often have mixed pinning landscapes,
i.e., containing multiple types of defects. Though these land-
scapes immobilize vortices over a broader range of conditions
(temperatures and �elds) than landscapes containing only one
type of defect, it is challenging to infer the vortex structures
that form within these materials and no techniques currently
exist to fully image these structures and vortex-defect interac-
tions on a microscopic level.

Generally speaking, achieving a materials-by-design ap-
proach �rst entails garnering a suf�cient microscopic under-
standing of vortex-defect and vortex-vortex interactions, then
incorporating these details into simulations. In recent years,
signi�cant headway has been made along these lines with
the implementation of large-scale time-dependent Ginzburg-
Landau (TDGL) simulations to study vortex motion through
disordered media. These efforts have accurately modeled crit-
ical currentsJc in thin �lms (2D), layered and anisotropic 3D
materials, as well as isotropic superconductors3–7. Addition-
ally, it has determined the optimal shape, size, and dimension-
ality of defects necessary to maximizeJc, depending on the
magnitude and orientation of the magnetic �eld8–11. Backed
by good agreement with experimental and analytic results for
simple geometries12–15, the utility of the numerical routine has

FIG. 2. Examples of vortex structures (curved blue lines) that are
predicted to form in different defect landscapes under the in�uence
of an applied current. Imaging these structures and defects, would
allow us to establish the crucial connection between vortex excita-
tions, vortex-defect and vortex-vortex interactions, Lorentz forces,
and resulting vortex phases that is needed for ef�cacious defect en-
gineering.

successfully been extended to previously unknown territories,
optimizing pinning geometries outside the scope of analytic
methods3–5,8–11,16–19. In fact, these TDGL simulations have
unveiled new phenomena—such as a small peak inJc(B) at
high �elds that is caused by double vortex occupancy of indi-
vidual pinning sites20— and were advanced by including, e.g.,
mature optimization processes based on targeted evolution us-
ing genetic algorithms11 to predict the pinning con�gurations
that maximizeJc. This is progress towards the goal ofcritical-
current-by-design.

A critical-current-by-design approach must consider ther-
mal �uctuations, which dramatically impact the critical cur-
rent due to the effects of rapid thermally-induced vortex mo-
tion (thermal creep). Creep, which manifests as a decay in the
persistent current over time, is rarely problematic in low-Tc
superconductors as it is typically quite slow. Consequently,
Nb–Ti solenoids in magnetic resonance imaging systems can
operate inpersistent mode, retaining a fairly constant mag-
netic �eld for essentially inde�nite time periods. However,
creep is fast in high-Tc superconductors, restricting applica-
tions and reducing the effectiveJc.

For the sake of power and magnet applications, the goals
are clear—maximize the critical current and minimize creep.
Regarding the former, there is much room for improvement:
no superconductor containing vortices has ever achieved aJc
higher than 25% of its theoretical maximum, which is thought
to be the depairing currentJd = F 0=(3

p
3pm0x l 2). Regard-

ing creep, we are �ghting a theoretical lower bound.21 This
lower bound positively correlates with a material's Ginzburg
numberGi = ( g2=2)(kBTc=esc)2, which is the ratio of the
thermal energy to the superconducting condensation energy
esc = ( F 2

0=2pm0x2l 2)x3. The implications are grim: creep
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is expected to be so fast in potential, yet-to-be-discovered
room-temperature superconductors rendering them unsuitable
for applications. The caveat is that this lower bound is lim-
ited to low temperatures and �elds (single vortex dynamics),
and collective dynamics could be key to achieving slow creep
rates.

Though superconducting sensing and computing applica-
tions do not require high currents, vortices still pose a nui-
sance by limiting the lifetime of the quantum state in qubits,22

inducing microwave energy loss in resonators,23 and gener-
ally introducing noise. It is known that dissipation from vor-
tex motion reduces the quality factor in superconducting mi-
crowave resonators, which are integral components in certain
platforms for quantum sensors and the leading solid-state ar-
chitecture for quantum computing (circuit-QED).24–27 They
are used to address and readout qubits as well as mediate cou-
pling between multiple qubits. Consequently, resonator sta-
bility can be essential for qubit circuit stability. Moreover,
thermally activated vortex motion can contribute to 1=f noise
and critical current �uctuations28,29 in quantum circuits and is
a suspected source of the dark count rate in superconducting
nanowire single-photon detectors.30,31

In these quantum circuits, vortices appear due to pulsed
control �elds, ambient magnetic �elds,32 and the self-�eld
generated by bias currents.31 Mitigating the effects of vortices
requires heavy shielding to block external �elds and care-
ful circuit design to control their motion, the latter of which
is quite tricky. The circuit should include structures to trap
vortices away from operational currents and readout as well
as narrow conductor linewidths33 to make vortex formation
less favorable. However, these etched structures may exac-
erbate another major source of decoherence—parasitic two-
level �uctuators—defects in which ions tunnel between two
almost energetically equivalent sites, which act as dipoles
and thus interact with oscillating electric �elds during device
operation.27 Hence, designing quantum circuits that are robust
to environmental noise is not trivial and has become a topic of
intense interest.22,27

Despite all of the aforementioned application-limiting
problems caused by vortices, they are not pervasively detri-
mental to device performance. For example, vortices can trap
quasiparticles—unpaired electrons that are a third source of
decoherence in superconducting quantum circuits—boosting
the quality factor of resonators34 and the relaxation time of
qubits.35 Furthermore, vortices can host elusive, exotic modes
that are in fact useful for topological qubits, which are pre-
dicted to be robust to environmental noise that plagues other
quantum device architectures. To exploit these modes in com-
puting, we must control the dynamics of their vortex hosts.
Hence, in general, these disparate goals of eliminating or uti-
lizing vortices for applications both require an improved un-
derstanding of vortex formation, dynamics, and, ultimately,
control.

The goal of this Perspective is to present opportunities for
transformative advances in vortex physics. In particular, we
start by addressing vortex creep in Sec. III A, which notes
limited knowledge of non-thermal creep processes and how
recent increases in computational power will enable full con-

sideration of creep in simulations. Second, in Sec. III B we
explore the true maximum achievable critical current, and the
need to simultaneously exploit multiple pinning mechanisms
to surpass current records forJc. Next, Sec. III C discusses
vortex-induced losses in response to AC magnetic �elds and
currents, with a focus on the impact on superconducting RF
cavities used in accelerators and quantum circuits. We ex-
amine how the quantum revolution has handled the vortex
problem for computing, while sensing applications necessi-
tate further studies. As solving the aforementioned problems
requires advanced computational algorithms, we then proceed
to discuss future uses of arti�cial intelligence to understand
the vortex matter genome in Sec. III D. Finally, in Sec. III E,
we recognize that most experimental studies use magnetom-
etry and electrical transport studies toinfer vortex-defect in-
teractions, and discuss the frontiers of microscopy that could
lead to observing these interactions as well as accurately de-
termining defect densities. Prior to presenting transformative
opportunities, we provide background information in Sec. II
and, throughout the article, assess recent progress in the �eld.
For an extensive review of foundational work in the �eld of
vortex physics, we refer the reader to Refs. [16] and [36].

II. BACKGROUND

Superconductors have the remarkable ability to expel ex-
ternal magnetic �elds up to a critical valueHc1, a phenomena
that is known as the Meissner Effect. Though surpassingHc1
quenches superconductivity in some materials, the state per-
sists up to a higher �eldHc2 = F 0=2pmx2 in type-II super-
conductors. In this class of materials,Hc1 can be quite small
(several mT) whereasHc2 can be extremely large (from a few
tesla up to as high as 120 T),37 such that the interposing state
between the lower and upper critical �elds consumes much
of the phase diagram and de�nes the technologically relevant
regime. Thismixed statehosts a lattice of vortices, whose
density scales with the magnetic �eldnv µ B. We should also
note that, in addition to globally applied �elds, self-�elds from
currents propagating within a superconductor can also locally
induce vortices.

Each vortex carries a single �ux quantumF 0 and the core
de�nes a nanoscale region through which the magnetic �eld
penetrates the material. As such, the vortex core is non-
superconducting, of diameter 2x(T), and surrounded by cir-
culating supercurrents which decay within a characteristic
lengthl (T), as depicted in Fig. 1. Given the dependence of
the vortex size on these material-dependent parameters, vor-
tices effectively look different in different materials—for ex-
ample, they are signi�cantly smaller in the high-temperature
superconductor YBa2Cu3Oy (YBCO), wherex(0) = 1:6nm,
than in Nb, in whichx(0) = 38nm.38

Vortex motion constitutes a major source of dissipation
in superconductors. Propelled by currents of densityJ and
thermal/quantum energy �uctuations, vortices experience a
Lorentz force densityFL = J � B accompanied by Joule heat-
ing that weakens superconducting properties. It is this cascad-
ing process that is responsible for the undesirable impacts on
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applications, for which examples were provided in Sec. I.

A. Fundamentals of vortex pinning

Immobilizing vortices constitutes a major research area, in
which the most prominent benchmark to assess the strength of
pinning is the critical currentJc.16 Once vortices are present
in the bulk, crystallographic defects such as point defects, pre-
cipitates, twin boundaries, stacking faults, and dislocations
provide an energy landscape to trap vortices. Depending on
the defect type and density, one of two mechanisms are typ-
ically responsible for vortex pinning: weak collective effects
from groups of small defects or strong forces exerted by larger
defects.

Originally formulated by Larkin and Ovchinnikov,43 the
theory of weak collective pinning describes how atomically
small defects alone cannot apply a suf�cient force on a vortex
line to immobilize it. However, the collective action of many
can indeed pin a vortex. In the case of a random arrangement
of small, weak, and uncorrelated pinning centers, the average
force on a straight �ux line vanishes. Then, only �uctuations
in the pinning energy (higher order correlations) are capable
of producing a net pinning force. Considering this, weak col-
lective pinning theory phenomenology �nds that the resulting
critical current should scalequadraticallywith the pin density
np, i.e.,Jc µ n2

p, see Ref. [36].
On the other hand, strong pinning results when larger de-

fects each plastically deform a vortex line and a low density
of these defects is suf�cient to pin it. Competition between
thebarepinning forcefp and the vortex elasticitȳC generates
multi-valued solutions. Because of this, a proper averaging of
the effective forcehfpini from individual pins is non-zero and
results in a critical currentJc µ nphfpini . Here, the critical cur-
rent reached by strong pins dependslinearlyon the defect den-
sity. While conceptually simpler than weak collective pinning,
it has taken signi�cantly longer to develop a strong pinning
formalism. With its completion in the early 2000s, the for-
malism enabled computing numerous physical observables,
including the critical current,44,45 the excess-current charac-
teristic,46–51and theacCampbell response.12–15

Defects merely trap the vortex state into a metastable min-
imum. Thermal and quantum �uctuations release vortices
from pinning sites, and this activated motion of vortices from a
pinned state to a more stable state is called vortex creep. In the
presence of creep, the critical currentJc is no longer a distinct
boundary separating a dissipation-free regime from a dissipa-
tive one. Experimentally, this manifests as a power-law transi-
tionV = Jn between the superconducting state in whichV = 0
and Ohmic behavior. The creep rateS� � d ln(J)=dln(t) then
becomesµ 1=n and can be assessed by �tting the transitional
regime in the current-voltage characteristic or measuring the
temporal decay of an induced persistent current. Measure-
ments of the vortex creep rate also provide access to micro-
scopic details such as the effective energy barriersU � = T=S
surmounted and whether single vortices or bundles are creep-
ing.

Various methods of tailoring the disorder landscape in

superconductors have proven successful in remarkably en-
hancing the critical current. Figure 3 shows examples of
cuprates, iron-based superconductors, and low-Tc materials
that have all bene�ted from incorporating inclusions. De-
fects can be added post-growth, using techniques such as
particle irradiation,1,21,39,52–78or during the growth process
by incorporating impurities to the source material.40,79–83

Though these processes induce markedly different disorder
landscapes, both can effectuate remarkable increases inJc.
However, the conditions necessary to improve electromag-
netic properties are highly material-dependent—this lack of
universality renders defect landscape engineering a process of
trial-and-error.

Particle irradiation can induce point defects (vacancies, in-
terstitial atoms, and substitutional atoms), larger random de-
fects, or correlated disorder (e.g., amorphous tracks known as
columnar defects). Notably, the critical current in commercial
YBa2Cu3O7� d coated conductors was nearly doubled through
irradiation with protons,60 oxygen-ions,39,41 gold-ions,84 and
silver-ions.85 Furthermore, iron-based superconductors have
also been shown to bene�t from particle irradiation.1,86,87To
incorporate larger defects, such as nanoparticle inclusions, nu-
merous groups40,81,88–91have introduced excess Ba andM
(whereM= Zr, Nb, Sn, or Hf) into growth precursors. This
results in the formation of randomly distributed 5-20 nm sized
non-superconducting BaMO3 nanoparticles or nanorods. This
method has produced critical currents that are up to seven
times higher than that in �lms without inclusions,92 therefore,
has become one of the leading schemes for enhancingJc.

The enhancement achieved by inclusions and irradiation is
often restricted to a narrow temperature and �eld range, par-
tially becausex and l are temperature dependent, whereas
the defect sizes and densities are �xed. Another reason for
the limited range of the enhancement is that, under the right
conditions, certain fast moving vortex excitations may form.
For example, in materials containing parallel columnar de-
fects, double-kink excitations form at low �elds and moderate
temperatures that result in fast vortex creep concomitant with
reducedJc.93 Mixed pinning landscapes, composed of differ-
ent types of defects, can indeed enhanceJc over a broader
temperature and �eld range than inclusions of only one type
and one size. More work is indeed necessary to optimize this.

B. Thermally activated vortex motion

With the advent of high-temperature superconductivity, the
impact of thermal energy on the superconducting state gained
signi�cant attention.94 Whereas the phase diagram for low-Tc
materials is often well captured by models that neglect ther-
mal energy, thermal effects often govern phase boundaries in
high-temperature superconductors and even induce melting of
the vortex state.95,96Any metastable state will decay over time
under the in�uence of thermal �uctuations. This dynamics—
called creep— requires an activation process over a barrier
Uact (typically Uact � kBT). Arrhenius law, originally intro-
duced to capture the rateG= e� Uact=kBT of chemical processes,
is often invoked in this context.
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FIG. 3. Enhancement inJc or M µ Jc in (a) an oxygen-ion-irradiated Dy2O3-doped commercial YBCO �lm grown by American Supercon-
ductor Corporation21,39 in a �eld of 5T, (b) a BaZrO3-doped (Y0:77Gd0:23)Ba2Cu3Oy �lm grown by Miura et al.40, (c) a BaZrO3-doped
BaFe2(As1� xPx)2 �lm grown by Miura et al.41, and (d) a heavy-ion-irradiated NbSe2 crystal42. Measurements by S. Eley. Insets show
transmission electron micrographs of defect landscape, from Refs. [21, 40–42].

In the case of vortices, i.e. elastic, mutually interacting
�ux lines, the phenomenology is quite complex. The creep
process depends on the interplay between vortex-vortex in-
teractions, vortex-defect interactions, vortex elasticity, and
anisotropy.36,94,97These interactions determineUact(T;H;J),
a generally unknown regime-dependent function. The sim-
plest creep model, proposed Anderson and Kim, neglects the
microscopic details of pinning centers and considers vortices
as non-interacting rigid objects hopping out of potential wells
of depthUact µ Upj1� J=Jcj. However, as elastic objects, the
length of vortices can increase over time under force from
a current and vortex-vortex interactions are non-negligible at
high �elds. As such, the Anderson-Kim model's relevance is
limited to low temperatures and �elds.

At high temperatures and �elds, collective creep theories,
which consider vortex elasticity, predict an inverse power
law form for the current-dependent energy barrierUact(J) =
Up[(Jc=J)m � 1], where m is the so-called glassy exponent
that is related to the size and dimensionality of the vortex
bundle that hops during the creep process98. To capture be-
havior across regimes, the interpolation formulaUact(J) =
(Up=m)[(Jc=J)m� 1] is commonly used, wherem! � 1 re-
covers the Anderson-Kim prediction.94 Combining this inter-
polation formula with the creep timet = t0eUact(J)=kBT , we
�nd the persistent current should decay over time asJ(t) =
Jc0[1+ ( mkBT=Up) ln(t=t0)]� 1=m and that the thermal vortex
creep rate is

S�
�
�
�
d lnJ
dlnt

�
�
� =

kBT
Up + mkBT ln(t=t0)

; (1)

Here, t � 1
0 is a microscopic attempt frequency which is es-

timated to be on the order of 106-1010Hz for a single �ux
line.49,99. When compared to experimental timescalest, this
yields ln(t=t0) � 25-30.100 Because the magnetizationM µ J,
creep can easily be measured by capturing the decay in the
magnetization over time using a magnetometer. Moreover, as

seen from Eq. (1), knowledge ofS(T;H) provides access to
bothUp andm. Hence, creep measurements are a vital tool
for revealing the size of the energy barrier, its dependence on
current, �eld, and temperature, and whether the dynamics are
glassy or plastic. It is important to note that Eq. (1) is typically
used to analyze creep data piecewise—it can rarely be �t to the
entire temperature range. Creep rates are not predictable and
no analytic expression exists that broadly captures the tem-
perature and �eld dependence of creep. BothUp andmhave
unknown temperature dependencies, which is a major gap in
our ability to predict vortex creep rates.

C. Predictive vortex matter simulations

Simulating the behavior of vortex matter16,36,101–104has a
long history. Though the value of such simulations was re-
alized long ago,105,106 the ef�cacy to produce accurate re-
sults in materials containing complex defect landscapes is
considered a recent success, tied to improvements in com-
putational power. Speci�cally, we can now numerically
solve more realistic models, ranging from Langevin dynam-
ics to time-dependent Ginzburg-Landau (TDGL) equations to
fully microscopic descriptions, including Usadel and Eilen-
berger, Bogoliubov-de Gennes, and non-equilibrium Keldysh-
Eilenberger quantum transport equations. While the phe-
nomenological TDGL equations describe vortex matter realis-
tically on lengths scales above the superconducting coherence
lengths, full microscopic equations are needed to describe,
e.g., the vortex core accurately. This, however, means that the
system sizes, which can be simulated down to the nanoscale
using microscopic models, are quite limited, while TDGL can
simulate macroscopic behavior including most dynamical fea-
tures of vortex matter.

The Langevin approach only considers vortex degrees of
freedom, while mostly neglecting elasticity and vortex-vortex
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FIG. 4. (a) 3D STEM tomogram of a 0.5 Dy-doped YBCO sample. The total system size is 538� 538� 134nm3. Image processing is discussed
in Ref. [39]. (b) Critical currentJc as a function of the magnetic �eldB applied along the c-axis of YBCO. The simulated �eld dependence
(circles, red curve) with only the nanoparticles observed by STEM tomography in the sample with 0.5 Dy doping exhibits almost the same
exponenta , for Jc µ B� a , as the experiment (triangles, green curve).4 The latter was measured at 77 K. Adding 2x diameter inclusions to the
simulation makes the dependence less steep (squares, blue curve), which yields an exponent very similar to the experimental one in the sample
with 0.75 Dy doping (stars, yellow curve).(c) Snapshot of the TDGL vortex con�guration with applied magnetic �eld and external current
for the same defect structure and size as in the experiment (a). Isosurfaces of the order parameter close to the normal state are shown in red
and follow both vortex and defect positions. The amplitude of the order parameter is represented on the backplane of the volume where blue
corresponds to maximum order parameter amplitude. Arrows pointing from panels (a) and (c) to (b) indicate the experimental and simulated
Jc dependencies, respectively.

interactions, which are nonlocal effects. Hence, its accuracy
is limited to when inter-vortex separations are signi�cantly
larger thanx , vortex pinning sites are dilute, or the super-
conducting host is suf�ciently thin that vortices can be con-
sidered 2D particles. Nevertheless, this simple picture reveals
remarkably rich, dynamical behavior – notably realizing a de-
pendence ofJc on the strength and density of pinning centers,
105,106 thermal activation of vortices from pinning sites,107 a
crossover between plastic and elastic behavior,108,109and dy-
namic ordering of vortex lattices at large velocities.110,111

However, vortex elasticity is indeed an in�uential parame-
ter in bulk systems. It results in vortex phases that are char-
acterized by complex vortex structures, glassy phases that do
not exist in 2D systems, as well as other interesting character-
istics.112–118Herein lies the strength of the TDGL approach,
which is a good compromise between complexity and �delity.
It describes the full behavior of the superconducting order pa-
rameter119 and therefore represents a `mesoscopic bridge' be-
tween microscopic and macroscopic scales. Notably, it sur-
passes the Langevin approach by (i) describing all essential
properties of vortex dynamics, including inter-vortex interac-
tions with crossing and reconnection events, (ii) possessing
a rigorous connection to the microscopic Bardeen-Cooper-
Schrieffer theory in the vicinity of the critical temperature,120

and (iii) considering realistic pinning mechanisms. Regarding
pinning, it can speci�cally account for pinning due to modu-
lation of critical temperature (dTc-pinning) or mean-free path
(d`-pinning), strain, magnetic impurities,121 geometric pin-
ning through appropriate boundary conditions, and, generally,
weak to strong pinning regimes—all beyond the reach of the
Langevin approach. Consequently, the TDGL formulation is

arguably one of the most successful physical models, describ-
ing the behavior of many different physical systems, even be-
yond superconductors.122

In its early days, the TDGL approach was used to study de-
pinning, plastic, and elastic steady-state vortex motion in sys-
tems containing twin and grain boundaries as well as both reg-
ular and irregular arrays of point or columnar defects.123,124

Those simulations were predominately used to illustrate the
complex dynamics of individual vortices because computa-
tional limitations prohibited the study of large-scale systems
with collective vortex dynamics. Only later did simulation of
about a hundred vortices in two-dimensional systems become
possible, resulting in predictions for, e.g., the �eld dependence
of Jc in thin �lms with columnar defects.125

A 2002 article by Winiecki and Adams126 deserves credit
as one of the �rst simulation-based studies of vortex matter
in three-dimensional superconductors that produced a realis-
tic electromagnetic response. Later, in 2015, Koshelev et al.8

achieved a major technical breakthrough by investigating opti-
mal pinning by monodispersed spherical inclusions. The sim-
ulated system size of 100x � 100x � 50x was much larger than
any previously studied system, enabling even more realistic
simulations of the collective vortex dynamics than previous
works. Their computational approach is based on an opti-
mized parallel solver for the TDGL equation,127 which allows
for simulating vortex motion and determining the resulting
electrical transport properties in application-relevant systems.
The ef�cacy of this technique is best demonstrated in a study4

that applied the same approach to a `real' pinning landscape
by incorporating scanning transmission electron microscopy
tomography data of Dy-doped YBa2Cu3O7� d �lms 128,129,
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and the results showed almost quantitative agreement of the
�eld and angular dependent critical current with experimental
transport measurements, see Fig. 4.

Finally, we discuss applying TDGL calculations to com-
mercial high-temperature superconducting tapes, which typi-
cally consist of rare earth (RE) or yttrium barium copper ox-
ide (REBCO) matrices. Speci�cally, Ref. [9] simulated vor-
tex dynamics in REBCO coated conductors containing self-
assembled BaZrO3 nanorods, and reported good quantitative
match to experimental measurements ofJc versus the applied
magnetic �eld-angleq. Most notably, the simulations demon-
strated the non-additive effect of defects: adding irradiated
columnar defects at a 45� angle with the nanorod (c-) axis re-
moves theJc(q = 0� ) peak of the nanorods and generates a
peak atq = 45� instead. This study then went beyond sim-
ply reproducing experimental behavior, and predicted the op-
timal concentrations of BaZrO3 nanorods that are necessary
to maximizeJc, which it found to be 12-14% ofJd (at spe-
ci�c q)—far higher than had been experimentally achieved in
similar systems. This approach is certainly more ef�cient than
the standard trial-and-error approach, growing and measuring
samples with a large variety of defect landscape.

These recent successes in accurately predictingJc in super-
conductors based on the microstructure highlight how close
we are to the ultimate goal of tailoring pinning landscapes
for speci�c applications with well-de�ned critical current re-
quirements. Constituting the newcritical-current-by-design
paradigm,16,19 the routine use of TDGL simulations for ef�-
cient defect landscape optimization is a transformative oppor-
tunity in vortex physics, as is expanding these computational
successes to include the use of arti�cial intelligence algo-
rithms. Furthermore, microscopic and far-from-equilibrium
simulations of vortex matter beyond the TDGL approach re-
quire signi�cant computational resources and are only now
becoming feasible. We will discuss related developments in
Sec. III D.

III. TRANSFORMATIVE OPPORTUNITIES

A. Vortex Creep

In this section, we identify major opportunities to acceler-
ate our understanding of thermally-activated vortex hopping
(thermal creep) and non-thermal tunneling (quantum creep)
between pinning sites. Only limited situations are amenable
to an analytic treatment of vortex creep: these include thermal
depinning of single vortices and vortex bundles in the regime
of weak collective pinning. In the strong pinning regime, e.g.,
for columnar defects, we must consider complicated excita-
tions that form during the depinning process. Activation oc-
curs via half-loop formation,130 which is depicted in Fig. 2.
During this process, the vortex nucleates outside of its pinned
position, and the curved unpinned segment grows over time
as a current acts on it, until the entire vortex eventually leaves
the pinning site. Because half-loop formation likely occurs in
a range of high-current-carrying materials, which may contain
amorphous tracks, nanorods, or twin boundaries, numerical

treatment of vortex creep within the strong pinning framework
is of signi�cant interest.

The �rst task involves studying creep of isolated vortices,
pinned by a single strong inclusion or columnar defect. In ac-
cordance with analytic predictions, an increase in temperature
shifts the characteristic depinning current belowJc, rounds the
IV curves and affects the excess-current characteristic far be-
yond Jc.49–51 The next steps will involve studying multiple
vortices, more defects, and mixed defect landscapes, which
will indeed increase the complexity of the problem, warrant-
ing computational assistance.

Recent advances in computational power and high-
performance codes will enable tackling these challenges,
which involve long simulation times at exponentially low dy-
namics. Instead of simulating the thermal relaxation of a
metastable con�guration in a single 'linear' simulation, the
same con�guration can be simulated in parallel, i.e., experi-
encing �uctuations along different 'world lines'. This acceler-
ates the search for a rare depinning event, after which parallel
computations are interrupted and restarted from new depinned
con�gurations.

In a 2017 paper,21 we found that the minimum achievable
thermal creep rate in a material depends on its Ginzburg num-
ber Gi as S � Gi1=2(T=Tc), shown in Fig. 5. Our result is
limited to the Anderson-Kim regime and considered pinning
scenarios with analytically determined pinning energiesUP.
It also somewhat gravely predicts that there is a limit to how
much creep problem in high-Tc superconductors, which tend
to have highGi, can be ameliorated, such that we may expect
the performance of yet-to-be discovered room temperature su-
perconductors to be irremediably hindered by creep. How-
ever, YBCO �lms containing nanoparticles demonstrate non-
monotonic temperature-dependent creep ratesS(T), such that
S dips to unexpectedly low values at intermediate tempera-
tures outside of the Anderson-Kim regime.21 This dip, thought
to be induced by strong pinning from nanoparticles, suggests
that collective pinning regimes may hold the key to inducing
slower creep rates that dip below our proposed lower limit in
the Anderson-Kim regime. A numerical tacking of the vortex
creep problem would improve our theoretical understanding
of creep and answer a major open question in vortex physics
– what is indeed the slowest achievable creep rate in different
superconductors?

Our �nding of the lower limit to the creep rate reduces the
guesswork in trial-and-error approaches to optimizing the dis-
order landscape and improves our ability to select a material
for applications requiring slow creep. Yet, ultimately, a mate-
rial's quantum creep rate actually sets its minimum achiev-
able creep rate. This is a regime that is has received rel-
atively little attention—there have been few theoretical and
experimental studies of quantum creep. Theoretical models
are limited to tunneling barriers induced by weak collective
pinning98,131and columnar defects,132 though most materials
have very complex, mixed pinning landscapes. Most experi-
mental work has focused on cuprates, determining a crossover
temperature of� 8.5-11 K in YBCO �lms,133–135, 1.5-2 K in
YBCO crystals,134,1365-6 K in Tl2Ba2CaCu2O8 �lms, 136,137

17 K in TlBa2CaCu2O7� d ,133 30 K in HgBa2CaCu2O6+ d .133
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FIG. 5. Creep at reduced temperatureT=Tc = 1/4 and a �eld ofm0H = 1 T for different superconductors plotted versusGi1=2. The open
symbols indicate materials for which the microstructure has been modi�ed either by irradiation or incorporation of inclusions. The solid grey
line represents the limit set byGi1=2(T=Tc). The result predicts that the creep problem even in yet-to-be-discovered high-Tc superconductors
may counteract the bene�ts of high operating temperatures. Material from S. Eley, et al. Nat. Mater. 16, 409–413 (2017). Copyright 2017,
Nature Publishing Group.

Klein et al.138 studied an iron-based superconductor, �nding
crossover around 1 K in Fe(Te,Se). No studies have been con-
ducted in materials containing inclusions nor using any sys-
tematic tuning of the energy barrier.

Furthermore, the crossover between the thermal and quan-
tum creep is unclear. As previously mentioned, the Anderson-
Kim model's relevancy is limited to low temperatureskBT �
Up in which S is expected to increase approximately linearly
with temperature. A linear �t to this regime often extrapo-
lates to non-zeroSatT = 0, suggestive of non-thermal creep.
In fact, it is common to perfunctorily attribute this extrapo-
lation to quantum creep without conducting measurements in
the quantum creep regime. However, there are compelling dis-
crepancies between typical experimental results in this context
and theory. For example, theory predicts that the tunneling
probability should decrease with bundle size, whereas exper-
iments often observe the opposite trend (positive correlation
between low temperatureS and �eld)139. Theory also pre-
dicts a quadratic, rather than linear, temperature-dependent
S(T ! 0)136,139. That is, quantum creep may be thermally
assisted,98 and not simply present itself as a temperature-
independent creep rate at low temperatures. An even more
confounding result is that Nicodemi et al.140 predicted non-

zero creep rates atT = 0 using Monte Carlo simulations based
on a purely classical vortex model and reconciled it with non-
equilibrium dynamics.

It has also been suggested that the overall mea-
sured creep rate is simply the sum of the thermal and
quantum components.133 However, in some iron-based
superconductors,58,141 S is fairy insensitive toT or even de-
creases with increasingT up to fairly high fractions ofTc.
Hence, either quantum creep is a signi�cant component at sur-
prisingly high temperatures or the creep rate dramatically de-
creases at temperatures below the measurement base temper-
ature, motivating the need for lower temperature creep mea-
surements. Superconductors with high normal-state resistivity
r n and lowx, such as high-Tc cuprates, are the best candidates
for having measurable quantum creep rates. This is because
the effective quantum creep rate is predicted to be

Sq =

(
� (e2r n=h̄x )

p
Jc=Jd; if Lc < a0

� (e2r n=h̄l )(a0=l )4(a0=x)9(Jc=Jd)9=2; if Lc > a0

(2)

whereLc is the length of the vortex segment (or bundle) that
tunnels.36 Determining the dependence of the quantum creep
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