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Thin Films

We are trying to:

• Model and understand the critical current density of polycrystalline superconductors in high magnetic fields to optimise the design of magnets for fusion devices.

• Investigate the magnetic field dependence of the critical current across a single junction using simulations based on time-dependent Ginzburg—Landau (TDGL) theory.

• Exploit the significant increases in computational power in recent decades to model the electromagnetic properties of high field superconducting materials more accurately.
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Thin Films Containing Junctions

Time-Dependent Ginzburg—Landau Equations

The normalised TDGL equations can be written [1, 2]

𝜂 𝜕𝑡 + ı𝛷 𝜓 = 𝛁 − ı𝑨 2 + 𝜖 𝒓 − 𝜓 2 𝜓 in Ω,

𝜅2 𝛁 × 𝛁 × 𝑨 = Im 𝜓∗ 𝛁 − ı𝑨 𝜓 + −𝛁𝛷 − 𝜕𝑡𝑨 in Ω,

with required boundary conditions

𝛁 × 𝑨 − 𝑩 ×  𝒏 = 𝟎 on 𝜕Ω,
𝛁 − ı𝑨 𝜓 ⋅  𝒏 = −𝛾𝜓 on 𝜕Ω.

We have solved these equations in 2D using the finite-difference Crank-

Nicolson algorithm employed by Winiecki and Adams [3] based on the

link variable approach taken by Gropp et al. [4].

Computational System

In general we parameterise the superconductor using 𝜅 = 10, 𝜂 = 1, 𝜖 = 1
and a width 𝑤 = 20 𝜉. Simple junctions are modelled as a central region

2 𝜉 wide with 𝜖 = 𝜖Junc.

Periodic boundary conditions are imposed in the x-direction. Second-order

boundary conditions are imposed at the boundaries in the y-direction that

describe either insulating (𝛾 = 0) or highly metallic (𝛾 = ∞) surfaces [5].

We have neglected effects from current flow outside the superconducting

material, so the external magnetic fields and applied transport currents

along the x direction are implemented using [6]

𝐵 𝑦 =
𝑤

2
±
𝑤

2
= 𝐵app ±

𝑤

2
𝜇0𝐽app.

E(J) Characteristics for Thin Films

Three regimes are observable in simulated 𝐸(𝐽)
characteristics for wide thin films:

• (Almost) dissipationless current flow occurs

at low transport currents.

• E-field oscillations are observed in the flux-

flow regime from vortex motion.

• There is a distinct E-field transition to the

normal state that becomes less abrupt at high

fields.

Width-dependent Jc(B) Characteristics

Ekin’s offset criterion was used to determine 𝐽c [7]

from 𝐸(𝐽) characteristics.

• Films that are wide relative to the coherence

length exhibit a (distorted) Fraunhöfer-like

dependence at low fields, close to their respective

initial vortex penetration field.

• 𝐽c decreases to zero above 𝐵c2 (for metallic

surfaces) or 𝐵c3 (insulating surfaces) for wide

films.

• For thin films subject to metallic boundary

conditions, 𝐽c drops to zero at all magnetic fields

as film thickness decreases.

• For thin films subject to insulating boundary

conditions, 𝐽c only drops to zero close to the

parallel critical field 𝐵c|| =
2 3𝐵c2𝜉

𝑤
, which can be

very large [8].

E(J) Characteristics for Thin Films with

Junctions

The 𝐸(𝐽) characteristics for thin films are modified

when junction regions are added:

• Electric field oscillations associated with

vortex-antivortex annihilation along the junction

were observed at large currents.

• The transition into the normal state is broadened

by a supercurrent contribution at high transport

currents.

Effect of Junction Properties on E(J)

Characteristics in Zero Field

As 𝜖Junc decreases, Tc decreases in the junction and

the 𝐸(𝐽) characteristics differ more strongly from the

films:

• In the low E-field regime, 𝐽c decreases as 𝜖Junc
decreases.

• In the high E-field regime, the transition to the

normal state broadens as 𝜖Junc decreases, and a

higher transport current density is required to

drive the whole system into the normal state.
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Conclusions

• 𝐽c = 𝐽D for thin films with insulating boundary conditions in zero applied field . 

• The critical current in thin films with insulating surfaces is limited by the parallel critical field 

𝐵c|| = 2 3𝐵c2𝜉/𝑤 , consistent with Tinkham’s analytic results. The critical current of thin films in contact 

with highly metallic surfaces, in contrast, decreases to zero as the film width decreases.

• In zero applied field 𝐽c decreases in thin films when junctions are added.  

• The transition into the normal state at high currents is broadened for films containing junctions.

We next plan to:

• Generate 𝐽c data for thin films containing junctions in high magnetic fields. 

• Investigate the effect of including junctions with 𝜂 and 𝜅 values different to the surrounding superconductor.

• Extend the simulations to 3D and investigate 𝐸(𝐽) and 𝐽c(𝐵) behaviour in polycrystalline systems.

Fig. 1: Superelectron density 𝜓 2 normalised to the superelectron density in bulk Meissner state 𝜓0
2, as a function

of position in a superconducting film with 𝜂 = 1 and 𝜅 = 10 at an applied external magnetic field 𝐵app = 0.5 𝐵c2.

The system is periodic in the x-direction and insulating boundary conditions are applied in the y direction. A

hexagonal vortex lattice is observed in the bulk of the superconducting film. Top: film; bottom: film containing central

2 𝜉 wide junction with 𝜖 = 0.8.

Fig. 2: Average electric field 〈𝐸𝑥〉 against applied current density 𝐽app for a

superconducting film with 𝜂 = 1 and 𝜅 = 10, subject to various external magnetic

fields. After equilibration at a fixed external magnetic field, the external current density

𝐽ext was slowly swept up above the depairing current 𝐽D at a rate of 3 × 10−4𝐽D𝜏
−1.

Three regimes can clearly be seen in the data.

Fig. 4: Average electric field 〈𝐸𝑥〉 against external applied current 𝐽app for a

superconducting film with 𝜂 = 1 and 𝜅 = 10, containing a central 2 𝜉 wide junction

with 𝜖 = 0.8 subject to various external magnetic fields.

Fig. 3: Critical current density 𝐽c against the external applied magnetic field Bapp for a

superconducting film with 𝜂 = 1 and 𝜅 = 10 at various film widths. The critical current

density at each field was determined using Ekin’s offset method from E(J) characteristics

computed at each magnetic field, using a critical electric field 𝐸c = 0.01 𝜙0/2𝜋𝜉𝜏.

Fig. 5: Average electric field 〈Ex〉 against external applied current 𝐽app for a

superconducting film with 𝜂 = 1 and 𝜅 = 10, containing a central 2 𝜉 wide junction

with 𝜖 = 𝜖Junc, for various 𝜖Junc at zero field.
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