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Abstract
Nb3Sn superconductor is of significant interest for applications in constructing high-field
magnets beyond the limit of NbTi. However, its critical current density decreases rapidly at high
magnetic fields (>12 T) and the state-of-the-art level of Nb3Sn superconductors still cannot
meet the requirements of the planned future accelerator magnets. The primary flux pinning
centers for Nb3Sn wire mainly arise from the grain boundaries (GBs). In the present paper, we
theoretically investigate, through time-dependent Ginzburg-Landau theory and with
graphics-processing unit parallel technique, the vortex pinning and the critical current density in
large-scale polycrystalline Nb3Sn superconductor by varying the pinning potential of GB and
grain size at various magnetic fields. Unlike the conventional dot-like pinning systems, it is
found that the critical current is not a monotonous function by suppressing the
superconductivity of the GBs. The optimal pinning potential of GB for maximum critical
current density strongly depends on magnetic fields. Furthermore, we find that the critical
current density can be significantly enhanced by reducing grain size at low magnetic fields,
while increase of critical current density cannot always be observed at high magnetic fields.
Actually, critical current density even decreases by reducing grain size, which depends on the
superconductivity of GBs. The findings in the paper provide theoretical foundations to achieve
further improvement of Nb3Sn with optimizing the flux pinning.

Supplementary material for this article is available online

Keywords: polycrystalline Nb3Sn superconductor, vortex pinning, vortex dynamics,
critical current density, grain boundary, grain size

(Some figures may appear in colour only in the online journal)

1. Introduction

It is well-known that the practical applications of super-
conductors are governed by the current-carrying capability
without resistance, i.e. critical current density Jc, especially at
high magnetic fields. In recent years, the pursuit of high-field

∗
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magnets beyond the limit of NbTi has expanded dramatically
the massive use of Nb3Sn. With upper critical field around
30 T, critical temperature up to 18.3 K, and high critical cur-
rent density at high fields (e.g. whole-wire Jc of 1000 Amm−2

at 4.2 K, 15 T [1]), Nb3Sn superconductors have been
widely used in dipole and quadrupole magnets for particle
accelerators, magnet system for a new generation Electron
Cyclotron Resonance ion source (45 GHz) [2, 3], central
solenoids and toroidal field coils tokamak fusion devices [4],
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magnetic resonance imaging system [5], nuclear magnetic
resonance. Besides the magnetic applications, Nb3Sn is also
used in superconducting radio frequency cavities (for example,
Nb3Sn-Insulator-Nb multilayer structures [6–9]).

For all type-II superconductors, the magnetic flux penet-
rates into samples in form of quantized magnetic vortices
when the external magnetic field exceed the lower critical
magnetic field Hc1. One needs not pay much attention to the
Meissner state asHc1 is usually quite weak, for example,Hc1 of
Nb3Sn is 40 mT. Therefore, the behaviors of magnetic vortices
determine the physical properties of type-II superconductors
[10, 11], including the current-carrying capability of super-
conductors (critical current density Jc). The magnetic vortices
have non-superconducting cores, which carry the magnetic
field lines, surrounded by superconducting currents. When a
current flows in a pinning-free superconductor, the vortices
will move easily due to the Lorentz force, which dissipates
energy and produces a non-zero resistance. So, the vortex
motion has a large impact because it leads to increasement of
temperature and even causes terrible quench of superconduct-
ing devices. Fortunately, the magnetic vortices interacts with
non-superconducting defects and can be fixed at these pinning
centers in the materials. In this case, the critical current dens-
ity for practical superconductors is determined by the pinning
force to the magnetic vortices in the presence of pinning land-
scape, which is normally less than depair current density. As a
consequence, it is crucial to understand the pinning/depinning
behaviors of magnetic vortices because they control the flow
of current through the superconductor.

In order to explore the interactions between magnetic vor-
tices and the pinning landscape, various kinds of artificial pin-
ning centers were introduced in superconductors with e-beam
nano-lithography in the past decades, such as magnetic dots
and holes (antidots) with periodic homonomous and inhomo-
geneous arrays [12–19]. However, the pinning effect on the
magnetic vortices in Nb3Sn wire mainly arises from the sup-
pressed superconductivity on instinctive grain boundary (GB).
It is a very effective approach to improve the critical current
density of Nb3Sn by reducing the grain size [20, 21]. Although
the lower treatment temperatures can reduce the grain size and
improve the flux pinning, it is also detrimental to the upper crit-
ical magnetic field Hc2 due to the Nb3Sn phase stoichiometry
[22]. On the other hand, the future accelerator magnets need
high Jc of Nb3Sn for bending particle beams. For example,
planned future circular collider (FCC) requires Jc with around
2000 Amm−2 at 4.2 K, 15 T [23]). However, the state-of-the-
art level of Nb3Sn conductors can reach 1600–1700 Amm−2

[24]. Therefore, it is highly needed to improve Jc of Nb3Sn. In
recent years, Xu et al found that the Nb3Sn grain size can be
refined by sufficiently supplying oxygen to internally oxidize
the Zr in the Nb-1Zr alloy via SnO2 powder [25–27]. The peak
of the pinning force was shifted to 0.3 Hirr (the irreversibility
field). Despite significant efforts have been made in experi-
ments before, more efforts should be made to further improve
flux pinning and Jc in Nb3Sn conductors in order to meet the
requirement of FCC.

Besides the experiments, many researchers theoret-
ically investigate the effects of GB on critical current

density [28–34]. Very narrow superconducting-normal-
superconducting junctions was used as building blocks for
describing GBs in polycrystalline superconductors [35, 36].
Later, for a system with small size, it was found that the crit-
ical current density is not sensitive to grain size until the grain
size is sufficiently small in polycrystalline superconductors
[37], which is not consistent with experiments of Nb3Sn. It
was also found that GBs not only acts as the pinning centers
for vortices, but also provides an easy-flow channel for vortex
motion [38, 39], which depends on the GB angle [40–42].
However, the previous theoretical works mainly focus on one
GB or very small amount of GBs. In order to mimic the real-
istic polycrystalline Nb3Sn and optimize Jc by GBs, it is still
highly needed to study the vortex pinning and vortex motion
in a large number of GBs at present.

In the present paper, employing numerical simulation on
graphics-processing units (GPUs), we would like to reveal
the vortex statics and dynamics in large-scale polycrystalline
Nb3Sn by time-dependent Ginzburg-Landau (TDGL) theory.
The optimization of the critical current density by varying the
pinning potential of GBs and grain size is investigated at low
and high external magnetic fields.We find variations of Jc with
grain size strongly depends on the suppressed superconductiv-
ity of GBs at highmagnetic field. The paper is organized as fol-
lows. The TDGL theory and numerical model are introduced
in section 2. Then, in section 3, we discuss the critical current
density by varying the pinning potential of GB and grain size,
respectively. The summary is given in the last section.

2. Theoretical formalism for vortex pinning by GBs

For superconducting Nb3Sn wires, as mentioned before, GB is
the crucial ingredient to prevent vortex motion. So, as shown
in figures 1(a) and (b), we consider a model system of a thin
Nb3Sn film with GBs. In order to gain insight into the critical
current density in Nb3Sn, we calculate the statics and dynam-
ics of superconducting vortices in the pinning landscapes con-
sisting of GBs by using the Ginzburg-Landau theory. Addi-
tionally, the conventional dot-like pinning potential is also
considered for comparison (see figure 1(c)).

It is well-known that the TDGL equations are based on
the Landau’s phenomenological theory of second-order phase
transitions, which describes the time-evolution and spatial
variation of the complex order parameter in superconduct-
ors in the presence of a magnetic vector potential [43–47].
Although its formally validity can be only reestablished from
the microscopic BCS theory in the vicinity of critical temper-
ature [48], actually it had been found that the TDGL theory
is surprisingly accurate (within only a few percent) even at
very low temperature by comparing with Eilenberger theory
which is valid at all temperatures [49, 50]. So much wider
ranges of parameters can be considered, at least qualitatively,
or even quantitatively if modified temperature dependencies
of relevant quantities are explicitly adopted [43, 51, 52]. In
addition to the vortex statics, the TDGL equations can also
be used to study slowly vortex configurations [53]. In the
past decades, TDGL simulations have been used to reproduce
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Figure 1. Schematic diagram of numerical models and two different
kinds of pinning landscapes (a)–(c) and the simulated vortex states
at low and high applied magnetic fields (d) and (e). GBs with
tunable grain size and triangular and square periodic arrays of
dot-like pinning centers with size of h and period of d. The pinning
potential can be tuned by suppressing superconductivity at the
pinning centers and GBs by decreasing the Cooper pair density.

and reveal numerous experimental results [54–61]. There-
fore, TDGL equations provide an elegant and powerful tool
to investigate the vortex statics and dynamics as well as
the critical current density, which is far simpler than any
microscopic theories.

Using the Landau gauge, ∇·A = 0, TDGL equations can
be written in the dimensionless form,

u(∂t+ iµ)ψ = (∇− iA)2ψ+ ϵ(r)ψ− |ψ|2ψ+ ζ(r, t) (1)

κ2∇× (∇×A) = JN+ JS (2)

where u is a phenomenological constant that can be derived
from the microscopic theory. In the equations, the distances
are scaled by the coherence length ξ at the working tem-
perature T0, the order parameter ψ by its equilibrium value
in the absence of magnetic field, the time by the relaxation
time τ0 = µ0κ

2ξ2s /ms, the magnetic field by the upper critical
field Hc2 =Φ0/2πξ2, the vector potential by Hc2ξ, the cur-
rent density by JD = 2Bc2/3

√
3µ0ξsκ

2. By using the following
gauge transformation [53],

µ(r) =−xEx+ µ̃(r) (3)

ψ(r) = ψ̃(r)eiKx (4)

where µ̃ is a periodic function, and ψ̃ is a quasi-periodic func-
tion. K does not depend on r, which satisfies ∂tK= Ex. For
Nb3Sn thin film, the penetration length is much larger than
the coherence length. So, for the case of high-κ, the magnetic
field is nearly homogenous over the sample. We assume the
magnetic field Ha is perpendicular to the film, and the vector
potential is given by

Ax =−Hay,Ay = 0. (5)

In order to rule out the edge effect of the sample on the critical
current density (edge barrier), the periodic boundary condi-
tions are used along both x− and y−axes in our numerical sim-
ulations. Under these circumstance, the solutions of the vortex
configurations in the presence of complex pinning landscapes
can be obtained by solving the following equations,

u(∂t+ iµ̃) ψ̃ = (∇− iÃ)2ψ̃+ ϵ(r)ψ̃− |ψ̃|2ψ̃ (6)

∆µ̃=∇ Im
[
ψ̃∗(∇− iA)ψ̃

]
(7)

∂tK−⟨∂tAx⟩+ Jav− Jx,ext = 0 (8)

where Jav is the averaged supercurrent density over the whole
simulated region, and Jx,ext is the external current applied to
the superconducting film along x-axis.

In order to capture the main features of the GBs, the pat-
terns of crystalline grain and GBs are generated by the voro-
noi diagram randomly. The patterns of crystalline grain are
characterized by a tunable averaged grain size. For a fixed
averaged grain size, the statistics of grain size satisfy Gaus-
sian distribution, which will be discussed in detail later. The
pinning effects can be induced by suppressing the supercon-
ductivity of the GBs in numerical simulations, which can
be tuned via the function ε(r) in the TDGL equations. In
addition, the simulated region should be sufficiently large to
eliminate the disturbance of critical current density induced
by the randomly generated GBs with voronoi diagram. There-
fore, we use the large-scale computational algorithm for
TDGL equations proposed by Sadovskyy et al with massively
parallel architectures implemented on a GPU (see details
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in [53]). As shown in figure 1(b), the simulated region with
1024× 1024 (2048× 2048 grids) is suitable to ensure that the
deviation of critical current density for different randomly gen-
erated GB is less than 1% (see more details in appendix A).
The grid size is 0.6 in all numerical simulations because
we find it is suitable after checking the simulated results by
varying grid size within 0.5–0.7. We implement the numer-
ical simulations on an NVIDIA GPU with single precision
(GeForce RTX 3080/3090 with 10/24 GB of memory powered
by Ampere architecture) using the compute unified device
architecture (CUDA). Details for the CUDA programming
model with GPU architecture can be seen in [51, 62]. The
critical current density are obtained from the current–voltage
(I–V) characteristics with a threshold value 10−4.

3. Results and discussions

In a first step, we briefly discuss the static vortex states in the
presence of GBs and the conventional periodic arrays of dot-
like artificial pinning centers (square and triangular arrays).
In order to clearly show vortex states, we only present par-
tial region rather than whole simulated region in all figures.
As shown in figures 1(d) and (e), all the vortices are pinned
by the dot-like pinning centers at low applied magnetic field.
Similarly, all vortices are pinned by GBs and the vortices
prefer staying at the intersections of the GBs. At highmagnetic
field, besides the pinned vortices, the interstitial vortices can
be observed in the sample. It was reported that the interstitial
vortices are highly mobile under applied current, which leads
to a strong reduction of the critical current of the system. In the
following section, we will unveil the different characteristics
of flux pinning and flux motion in such two pinning systems.
Unless otherwise stated, all physical variables are dimension-
less in the following text.

3.1. Critical current density by optimizing pinning potential of
GB

As shown in figure 2, the critical current density keeps increas-
ing when the Cooper pair density of the dot-like pinning cen-
ters (|ψ̃|dot) is decreased. This indicates that the pinning effect
on the vortices becomes stronger by reducing the supercon-
ductivity at the pinning centers, which can enhance the critical
current density. As a consequence, maximum critical current
density can be obtained when the superconductivity of dot-like
pinning centers is completely suppressed (e.g. holes) because
of the monotonic variations of Jc with |ψ̃|dot. For the dot-like
pinning systems, the pinning centers are separated. In this case,
as shown in panels 1–2, the vortices must be first driven out
from the pinning dots before continuous vortex motion.

Unlike the dot-like pinning systems, the GBs connect each
other, thereby forming a net-like pattern in the plane. In this
subsection, the averaged grain size is fixed with 40 in numer-
ical simulations. The coherence length of pure Nb3Sn is about
3 nm [63]. So the averaged grain size is about 120 nm in SI
unit. The thickness of GBs used in all TDGL simulations is
0.6ξ–1.2ξ, which is about 1.8–3.6 nm. Experiments by atom

Figure 2. Variations of the critical current density with the Cooper
pair density in the square and triangular periodic arrays of dot-like
pinning centers obtained at applied magnetic field Ha = 0.02. The
size and period of pinning dots are h= 3 and d= 10 (h≈ 9 nm and
d≈ 30 nm in SI units), respectively. The panels of the Cooper pair
density show the snapshots of the vortex motions through the square
and triangular pinning array obtained at two close time when the
applied current is slightly more than critical current. The cooper pair
density of dot-like pinning centers is indicated on the Jc curves.

probe tomography show that the averaged GB thickness in
realistic Nb3Sn wires is approximately 2 nm [64, 65]. So the
GB thickness used in the TDGL simulations is very close to
the realistic case.

Figure 3 shows the variations of simulated voltage with
increasing applied current. At low magnetic field, one can find
that the voltage increases smoothly when the applied current
exceeds Jc. In order to gain insight the vortex motion in this
stage, panel 1 show the snapshots of Cooper pair density at
two close time under low magnetic field (Ha = 0.005) that is
indicated on I–V curves. There are not interstitial vortices and
vortices move along the GBs. In this case, the Lorentz force is
not sufficiently large to drag the vortices out of the GBs.When
the applied current is sufficiently large, as shown in panel 2,
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Figure 3. Current–voltage (I–V) characteristics in the
superconducting film with GB at different applied magnetic fields.
The averaged Cooper pair density at GB |ψ̃|GB = 0.73. Panels 1–4
of Cooper pair density shows the snapshots of slow and fast vortex
motions through the GBs with applied current indicated on the I–V
curves at low and high applied magnetic filed (Ha = 0.005 and 0.4).
The blue arrows show the directions of vortex motion and the blue
circles shows the vortices move across the GBs. The vortex motion
can be seen in supplementary movies.

one can observe that the vortices can move from one crystal-
line grain to another one across the GBs and velocity of the
moving vortices is quite fast, which lead to a voltage jumps
in the I–V curves (see point 2 on I–V curves). The similar

results were also observed in other systems, such as dynamic
pinning potential [66, 67] and slit array of pinning sites [68].
At higher magnetic fields, the vortices move slowly along the
GBs but the interstitial vortices does not move out when the
applied current is slightly larger than critical current density
(see panel 3). With increasing current, panel 4 shows that all
vortices move fast, which lead to a high voltage. The vortex
motions for panels 1–4 can been seen in supplementarymovies
(available online at stacks.iop.org/SUST/35/075001/mmedia).
Therefore, unlike the dot-like pinning systems, the intercon-
nected GBs not only provide pinning effect on the vortices,
but also provide easy-flow channels for vortices (especially the
GBs parallel to the Lorentz force).

The pinning effect of the GBs is mainly attributed to their
suppressed superconductivity. So, we start to explore the crit-
ical current density by varying the Cooper pair density at GBs
and the GB pattern is fixed. Although it is usually difficult to
control the Cooper pair density of GBs during the real man-
ufacture process of Nb3Sn wire, GB characteristics may be
adjusted by some possible methods. The normal precipitation
like Cu or Ti may have effect on the superconductivity of GB
[65] and the segregation of Cu and Ti had been detected in
almost all GBs [64, 69]. Another possible method may be hot
pressing to improve the GB property, which had been suc-
cessfully used in iron based superconducting wires [70, 71].
In experiments, the low-temperature scanning tunneling spec-
troscopy (STS) provides an elegant tool to detect the super-
conducting condensate with atomic resolution [72]. With STS
technique, it was reported that twin boundaries noticeably sup-
press the superconducting gap in iron-based superconductors
[73]. So, it may be possible to use STS to measure the super-
conducting gap at GBs and other regions. One may link the
suppressed Cooper pair density at GBs with the difference
between superconducting gap at GBs and far away from GBs,
which would provide important information for the optimizing
the pinning effect of GBs.

Figure 4 shows the critical current density as a function of
applied magnetic field obtained at different Cooper pair dens-
ity of the GBs. One can find that the critical current density in
superconducting film with GBs is nearly an exponential func-
tion of applied magnetic field. However, for the samples with
GBs at weak magnetic field Ha < 0.05 or samples without
GBs, the critical current density decreases even faster than
exponential function. Moreover, it is interesting that the crit-
ical current density first increases and then decreases by sup-
pressing the Cooper pair density of GBs, which is different
from the dot-like pinning system. In this case, maximum crit-
ical current density should be observed by varying the Cooper
pair density of GBs. Panels 1–6 show the static vortex states in
GBs with different suppressing superconductivity at low and
high magnetic fields (indicated on the Jc(Ha) curves). Panels
1 and 4 demonstrate that the vortices are not circular pearl vor-
tices at the GBs with small |ψ̃|GB. In this case, the vortices can
move quite easily and small applied current can lead to flux
flow along the GBs. The validation of TDGL simulations for
Jc with GBs by the scaling law from experiments can be seen
in appendix B.
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Figure 4. Simulated critical current density Jc as a function of
applied magnetic field Ha obtained for different |ψ̃|GB. Panels 1–6
represent the simulated Cooper pair density of static vortex states
obtained at Ha = 0.1 and 0.4.

In order to obtain the maximum critical current density, we
further explore the optimal Cooper pair density of GBs. As
shown in figure 5(a), the critical current is indeed not a mono-
tonic function of |ψ̃|GB. By suppressing the superconductivity
of GBs, one can find that the critical current density increases
to a peak value and then decreases. Therefore, the maximum
critical current density can be obtained by varying the Cooper
pair density of the GBs. Additionally, the optimal Cooper
pair density for maximum critical current density depends on
applied magnetic field, which is shown in figure 5(b). It can be
found that the suppression of superconductivity at GBs should
be decreased with applied magnetic field. In particular, at high
magnetic field Ha > 0.4 (>11 T for Nb3Sn in SI unit), the

Figure 5. Variations of critical current density Jc with |ψ̃|GB
obtained at different magnetic fields (a). The optimal |ψ̃|GB as a
function of applied magnetic field Ha in order to obtain maximum
critical current density (b). Panels 1–4 show the simulated static
vortex states obtained at different magnetic fields with optimal
|ψ̃|GB.

optimal Cooper pair density should be more than 0.85 in order
to obtain the high critical current density. In the absence of
applied current, panels 1–4 show the static vortex states for
the best Cooper pair density of GBs at different magnetic fields
that are indicated on the curve of figure 5(b).
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Figure 6. Histogram of crystalline grain size in generated GB
patterns with different averaged grain size. The right panels show
the whole patterns of GBs generated by voronoi method, which is
used to calculate the critical current density in TDGL simulations.

3.2. Critical current density by varying grain size

Besides the Copper pair density of GBs, experiments demon-
strate that the critical current density of Nb3Sn can be
enhanced by refining the grain [25, 27]. In this subsection, pat-
terns of crystalline grains with tunable averaged grain size are
generated by voronoi method, which are used to calculated the
critical current density by TDGL simulations. The histogram
of grain size in figure 6 show that the crystalline grains almost
satisfy a Gaussian distribution (blue curves), which indicates
that the patterns of crystalline grains are reasonable to mimic
the real morphology of Nb3Sn. Additionally, the number of
crystalline grains is sufficiently large in the simulated region
to avoid the disturbance of different patterns of GBs generated
randomly. This can be verified by the fact that the critical cur-
rent density are nearly the same for generating different pat-
terns of GBs with fixed averaged grain size.

As shown in figure 7, at low applied magnetic field, the crit-
ical current density decreases as the grain size is increased.
This is consistent with experimental results of Nb3Sn super-
conducting wires. One may suppose that the decrease of crit-
ical current density should be attributed to the appearance of

Figure 7. Simulated critical current density Jc as a function of grain
size for different |ψ̃|GB obtained at low magnetic field (Ha = 0.005).
Panels 1–6 show the simulated vortex states with grain size and
|ψ̃|GB indicated on the Jc curves.

more interstitial vortices with increasing the grain size. How-
ever, this is not exact. Panels 1–3 (4–6) show the vortex states
with different grain size for |ψ̃|GB = 0.5 (0.21). Actually, the
interstitial vortices are not observed even in large grain size for
|ψ̃|GB = 0.5 due to the quite small applied magnetic field. Fur-
thermore, for |ψ̃|GB = 0.21, there are seldom interstitial vor-
tices observed when grain size is more than 80. But this does
not lead to a rapid decrease of Jc. Therefore, our numerical
simulations show that the interstitial vortices do not have such
significant impact on critical current density as it is supposed.
The disordered orientations of GBs, especially the increase
of GB with large angles to the vortex motion, should also be
responsible for enhancing Jc as the grain size is decreased. As

7
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Figure 8. Variations of simulated critical current density with grain size at high magnetic field Ha = 0.5 and the simulated vortex states
(panels 1–6) at points indicated on the curves. Other parameters are the same with those in figure 7. The vortex motion for panels 1, 2, 4,
and 5 can be seen in supplementary movies.

shown in figure 7, the simulated results further demonstrate
that the decreasing rate of Jc with grain size also depends on
the suppressed superconductivity of GB.

Finally, we discuss the variation of critical current dens-
ity with grain size at high applied magnetic field Ha = 0.5. As
shown in figure 8, the critical current density decreases slightly
by increasing the grain size if the superconductivity of GB is
suppressed slightly. However, the critical current density can
be enhanced with increasing the grain size when the averaged
Cooper pair density |ψ̃|GB <0.73, which is contrary to the case
of large |ψ̃|GB. In order to understand the reversal variations
of the critical current density with grain size, as shown in pan-
els 1–6, we calculate the vortex states for different grain sizes
obtained at |ψ̃|GB = 0.86 (panels 1–3) and 0.21 (panels 4–6),

respectively. It can be found that the pinning effect of GBs
dominates at |ψ̃|GB = 0.86. In this case, the critical current
density can be enhanced by increasing the GBs. However, at
|ψ̃|GB = 0.21, the superconductivity of GBs is strongly sup-
pressed and the vortices moves more easily along GBs. There-
fore, the critical current density decreases due to the more
easy-flow channels by refining grain sizes.

4. Summary

With higher upper magnetic field and critical current density,
Nb3Sn superconducting wires are more preferable to construct
high-field magnets (beyond the limit of NbTi,> 10 T) than the

8
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costly and not-yet-mature high temperature superconductors
(for example, difficult quench protection). Nevertheless, the
planed future accelerator magnets requires Nb3Sn supercon-
ductors with even more excellent performance, especially in
critical current density. To mimic the pinning centers in poly-
crystalline polycrystalline Nb3Sn, large-scaled pinning land-
scape consisting of GBs is generated and we theoretically
investigate the flux pinning in Nb3Sn superconductor with
TDGL theory, including the vortex statics and dynamics in the
presence of GBs. Furthermore, in order to further improve the
critical current density by optimizing flux pinning, we calcu-
late and discuss the critical current density of polycrystalline
Nb3Sn by varying the pinning potential of GBs and grain size
at various magnetic fields.

(a) The critical current density does not always increase by
suppressed the Cooper pair density of the GBs, which
is significantly different from the dot-like pinning sys-
tems. When the superconductivity of GBs are suppressed
too much, the magnetic flux move easily along the GBs,
thereby forming easy flux channels. The optimal pin-
ning potential of GBs for maximum critical current dens-
ity strongly depends on the magnetic fields. In order to
obtain high critical current density at high magnetic fields
(0.3< Ha < 0.5), the desired interval of Cooper pair dens-
ity at GBs should be between 0.8 and 0.9.

(b) The critical current density can be enhanced by refining the
grain size at low magnetic fields. However, the variations
of critical current density is quite complex at high mag-
netic fields. For example, with reducing the grain size at
Ha = 0.5, the critical current density only increases when
the superconductivity of GBs is slightly suppressed, while
it even decreases for Cooper pair density of GBs is less
than 0.73. Therefore, besides the grain size, the pinning
potential of GBs should also be considered to improve the
critical current density, especially at high external mag-
netic fields.
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Appendix A. Jc of randomly generated GBs

Besides the GB pattern used in main text, as shown in figure 9,
we also create other two random GB patterns (GB 2 and
GB 3) by the voronoi diagram. These different GB patterns
have a fixed averaged grain size 38 (about 115 nm in SI unit).

Figure 9. Three different GB patterns with a fixed grain size 38
(about 115 nm in SI unit) generated by voronoi diagram. The
simulated critical current density Jc are 0.0243 (GB 1), 0.0246
(GB 2), 0.0242 (GB 3) for |ψ̃|GB = 0.73, respectively. Jc are 0.0094
(GB 1), 0.0093 (GB 2), 0.0094 (GB 3) for |ψ̃|GB = 0.21,
respectively.

We calculate the critical current density for the three different
GB patterns with two different averaged Cooper pair density,
i.e. |ψ̃|GB = 0.73 and 0.21, respectively. The simulated results
show that the critical current density are almost the same. This
indicates that the simulated region is sufficiently large and the
simulated critical current density is a statistical result, which
is independent on the randomly created GB patterns.

Appendix B. Validation of TDGL simulations for Jc
with GBs

In order to verify the TDGL simulations for Jc of polycrystal-
line Nb3Sn superconductor with GBs, here we check the vari-
ations of critical current density Jc with applied magnetic field
Ha obtained by TDGL simulations (see figure 4). Due to the
magnitude of Jc of Nb3Sn wires depends on the manufacture
techniques, instead of comparing with specific experimental
value of Jc, we compare the simulated results with the well-
known scaling law [74] and one modified scaling law [75] that
had been confirmed by many experiments [76]. As shown in
figure 10, one can see our simulations are in consistent with
both scaling law and modified scaling law quite well.

For polycrystalline materials with GBs, for example,
Nb3Sn and Nb3Al, experimental measurements demonstrate
that the dependence of Jc onmagnetic field can be described by
the Kramer scaling law approximately [77, 78]. The Kramer
scaling law mainly reflects the influence of GBs on the
flux vortex and critical current through flux-shear models.
Later, modified scaling law was proposed, which is valid
for more superconductors. It was reported that the modi-
fied scaling law even agrees well with experiments in the
case of polycrystalline superconductors with artificial pinning
centers (APC) [79].

9



Supercond. Sci. Technol. 35 (2022) 075001 H-X Ren and C Xue

Figure 10. The critical current density obtained by TDGL
simulations for |ψ̃|GB = 0.85 and 0.48. The fitting curves are the
well-known scaling law [74] (a) and (b) and modified scaling law
[75] (c) and (d) that had been confirmed by many experiments [76].
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