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Abstract
Holes drilled in a type-II superconductor trap the magnetic flux. Following Clem’s flux pinning model, we consider surface 
pinning as a mechanism for compressing the magnetic flux in the holes. Estimations of the trapped magnetic flux demonstrate 
that the holes with the diameter up to 2 mm are advantageous for bulk single-crystal REBCO samples. The REBCO films 
and tapes can be improved by the holes with diameter smaller than 10 μm.
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Improving the magnetic and current-carrying properties of 
superconductors is a crucial and challenging task for sustain-
able growth [1]. One promising method is perforation, which 
can enhance oxygenation and prevent cracking in high-Tc 
samples. Perforation has a direct impact on the magnetic 
and current-carrying properties [2–7]. Holes can effectively 
trap magnetic flux [8]. In recent works [9, 10], where a flux 
trapping was modeled with using the Monte-Carlo method, 
values of the magnetic field in the holes were fitted to simu-
late well-defined peaks on the magnetic field profiles. The 
magnetic field trapped in the holes was 20 times higher than 
the averaged local field.

In the presented study, the magnetic flux trapped in holes 
is determined using Clem’s surface pinning model [11]. It is 
proposed that the same barriers for Abrikosov vortices are 
raised by the superconductor surface and by holes drilled 
in the superconductor. Perforation parameters for achieving 
the highest values of trapped magnetic flux are estimated.

Consider a superconducting sample, the long cylinder with 
the diameter D >  > λ, where λ is the London penetration length. 
The external magnetic field H is applied parallel to the main 
axis of the cylinder, so the demagnetization is negligible. The 
sample contains holes which are drilled parallel to the main 
axis. It is assumed that the holes are uniformly distributed over 

the end face of the cylinder. The maximum value Hmax of H is 
higher than the full penetration field Hp. The flux Φ trapped in 
the perforated sample after H decreases to 0 is estimated using 
the critical state model [12]. Based on the result of the study 
[10], the following expression is proposed:

where dimensionless parameters are used: f is the reduced 
trapped flux, f = Φ/Φpin0, nh is the perforation coefficient, 
nh = AhNhSh/S, and kh is the reduced excess field in the holes, 
kh = Bh/Bpin0. The material-related (Φpin0 is the flux trapped 
in the unperforated sample, Bpin0 is the corresponding rem-
nant magnetic field, Bpin0 = Φpin0/S, and S is the area of the 
sample end face) and the hole-related (Ah is a coefficient 
depending on an arrangement of the holes, Nh is the number 
of the holes, Sh is the area of a single hole, and Bh is the aver-
age magnetic field in the holes) parameters are involved. It 
should be noted that Ah can be higher than 1 due to perturba-
tions of current trajectories by the holes [10].

The expression (1) allows one to estimate the efficiency 
of pinning by holes and the perforation parameter for the 
maximum trapped flux. A condition for the increase of the 
trapped flux is f > 1. It is valid for
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It is achieved for

Expressions (3–4) were obtained in the previous study 
[10]. However the value of kh was only a varied parameter 
where. Now we want to relate this parameter to the micro-
scopic parameters of the superconductor. The holes are con-
sidered as convoluted surfaces into the superconductor. So 
an interaction of vortices with the superconducting surface 
is a subject of interest. The Clem’s surface pinning model 
[11] considers barriers for Abrikosov vortices appearing and 
disappearing near a surface of a type-II superconductor. The 
model statements are the following: i) There is a vortex-free 
region near the surface; ii) The entry field Hen determines 
the external field value required for an Abrikosov vortex to 
nucleate at the surface and move through the vortex-free 
region; iii) The exit field Hex needs for an Abrikosov vortex 
to pass back through the vortex-free region and leave the 
superconductor. Both Hen and Hex depend on an averaged 
magnetic field B at the inner border of the vortex free region:

where Bs = Φ0/(4πλξ), ξ is the coherence length, 
Φ0 = 2.07*10–15 Wb, and μ0 = 4π*10–7 H/m.

We assume that the hole has the similar surface barriers 
to vortices as the surface, and expression (5) is reliable to 
describe pinning of vortices in holes. In this case Hen is a 
maximum value of the magnetic field trapped in the hole. 
Abrikosov vortices can enter to the holes only if the mag-
netic field in the hole is not higher than the averaged mag-
netic field B. Since Hen > Hex, the holes facilitate the flux 
propagation but hinder the flux exit. The excess field in the 
holes is limited by the surface barrier. The reduced excess 
field is determined by kh ≈ [(Bs/Bpin0)2 +  1]1/2.

Mesoscopic samples may have Hp < Hen. This means that 
the condition Hmax > Hen may be wrong for these objects. 
In this case the magnetic field in the holes equals the aver-
age magnetic field in the sample at the external field Hmax. 
One can estimate kh ≈ (1/3)μ0Hmax/Bpin0 for the considered 
cylindrical geometry.

The holes as well as the sample surface have the vortex-
free region around their perimeter. The thickness of this 
region is not higher than λ [11]. As the vortex-free region 
affects the reversible magnetization [13, 14], it is expected 
that the irreversibility field is reduced by perforation.

Any cavities in a type-II superconductor facilitate the 
propagation of magnetic flux inside. Thus, the perforated 
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sample has smaller values of the penetration field Hp and 
the magnetization width ΔM at H > Hp than those of the 
unperforated sample. Then the external field is decreased, 
magnetic flux partially exits from the sample and the aver-
aged magnetic field B decreases. At the same time the holes 
prevent the magnetic flux from escaping. As a result, the 
values of ΔM at H < Hp and the remnant magnetization 
Mrem = Bpin0/μ0 can be higher for the perforated sample than 
for the unperforated one. Schematic representations of the 
magnetization hysteresis loops for perforated and unperfo-
rated samples are shown in Fig. 1. The Kim-type depend-
ence jc(B) = jc0/(1 + B/B1) is used to calculate these loops. 
The perforated sample is appointed to have a higher value of 
the zero-field critical current density jc0 and a smaller value 
of the parameter B1 than the unperforated sample.

Next, the effect of the sample parameters on the trapped 
flux is analyzed. Let us introduce a material dependent 
parameter bj = Bpin0/Bs. Figure  2 demonstrates the f(nh) 
dependence (1) calculated for different values of bj. It can 
be seen that the f(nh) dependencies always have a maximum 
(points marked 1) for the finite values of bj, and the maxi-
mum position shifts to smaller nh for higher bj. Positions of 
nh corresponding to pinning advantage f > 1 (points marked 
2) have the same behavior. We plot the positions of these 
points versus the material parameter bj (Fig. 3). These plots 
allow one to choose optimal perforation parameters for 
known values of jc for different superconducting materials.

It appears that the most experimental data of perforated 
high-Tc samples can be divided into two groups with dif-
ferent jc. Bulk REBCO (RE is Y or rare-earth elements) 
single-crystals have smaller values of jc, the typical values 
are jc ~ 0.001jd at the liquid helium temperature and more 
than 10 times smaller at liquid nitrogen temperature [7, 15, 

Fig. 1  Schematic representation of magnetization hysteresis loops for 
an unperforated sample (solid line) and a perforated sample (dashed 
line)
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16], where jd is the depairing current density. REBCO films 
and tapes have higher values of jc, they can have jc ~ 0.1jd at 
the liquid helium temperature [17, 18].

Using Bpin0 ≈ μ0jcD/6 for the considered cylinder geome-
try and given typical parameters of large-grain bulk REBCO 
samples (D = 2 cm, jc =  108 A/m2 and Bs = 0.17 T at 77 K), 
one obtains bj ≈ 2.5. In this case, the trapped flux enhance-
ment requires nh < 0.07. Optimal pinning can be achieved for 
15 holes with Dh = 1 mm or for 60 holes with Dh = 0.5 mm. 
These holes are admitted to be suitable for the refrigerating 
liquid nitrogen [19]. REBCO tapes with jc ≈  1010 A/m2 and 
D = 1 cm have bj ≈ 120. This corresponds to nh < 3*10–5 and 

Dh < 60 μm. Optimal pinning can be achieved for about 1600 
holes with Dh = 1 μm or for 16 holes with Dh = 10 μm. It is 
unlikely that liquid nitrogen cooling can be provided by such 
small diameter holes [20, 21]. A few 100 μm diameter holes 
can be useful for liquid nitrogen cooling [19], but they sup-
press the trapped magnetic flux. This means that the holes 
in such REBCO tapes cannot provide the effective cooling 
and the pinning enhancement at the same time.

In conclusion, the surface barrier created by drilled 
holes in the superconducting sample is accounted to find 
the trapped magnetic flux. The influence of perforations on 
magnetization hysteresis loops of superconductors is also 
considered. It is expected that perforation will decrease 
the full penetration field and irreversibility field. However, 
the remnant magnetization can be increased for a certain 
range of perforation parameters, and the conditions for 
this increase are established. Optimal perforation param-
eters are found for both REBCO bulk single crystals and 
REBCO tapes.

Data Availability The data that support the findings of this study are 
available from the corresponding author upon reasonable request.
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