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Porosity affects the properties of high-T. superconductors and can improve their performance by enhancing
oxygenation, cryocooling, etc. Among other factors, the presence of pores plays a significant role in the process of
magnetic flux trapping. Relationships with the porosity manifest in the irreversibility field, the full penetration
field, and the remnant magnetization of the samples. To account for the effect of porosity on the trapped
magnetic flux into type-II superconductors, a simple toy model is suggested. Generally, as the porosity increases,
the trapped flux and related parameters tend to diminish. However, in the case of microscopic samples, porosity
can enhance magnetic flux trapping.

1. Introduction

Effective cooling is crucial for many applications of superconductors.
In the case of overheating, stable functioning is hindered, and the su-
perconductor can even be damaged [1,2]. An improvement in cooling
can be achieved by perforation, which provides a coolant to infiltrate the
sample and to withdraw the emitted heat. Moreover, perforation can
increase oxygenation and prevent cracking during sample synthesis
[3-6]. The same positive effects can be provided by macroscopic pores
forming long percolation clusters into superconductors.

Porous superconductors are a special class of novel materials [7-9].
They have properties inherent both bulk 3D and quasi 2D systems [10,
11] because pores are defects with high specific surfaces. The pinning of
vortices and the critical current density depend on the concentration,
form, and size of defects. Earlier works concerning pinning focused on
defects of about the superconductor coherence length [12,13]. Larger
defects are believed to depress the critical current due to distortions of
current trajectories [14]. Moreover, the coolant percolation requires
infinite pore clusters and a pore diameter of approximately 0.1-1 mm
[15]. Porous high-T, superconductors are realized in the form of foams,
fibers, fabrics, and polycrystals [9]. Superconducting foams, which have
been investigated since 2002 [16], have a high porosity (up to 80%) and
1 mm pores. For such samples, a high porosity provides chemical uni-
formity and effective cryocooling.

Describing these systems is complicated [9,17] because the trajec-
tories of currents and vortex configurations in porous superconductors
are tangled [18-20]. The simplified model of the porous superconductor
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is a long perforated cylinder, and this is considered in [21-23]. This
model accounts for perforated holes trapping a magnetic flux due to
their surface barriers [24-26]. The corresponding entrance field for
magnetic vortices is about a value of the thermodynamical critical field
of the superconductor [25]. It was found that perforated samples have
the maximum trapped magnetic flux for some effective area of holes [22,
23].

The present work focuses only on the effect of the pores on the
trapped magnetic flux. An optimal porosity is expected analogous to the
optimal hole area in perforated superconductors [22,23]. The aim is to
estimate this optimal porosity. The effects of porosity on oxygenation,
cracking, and cooling, which are important for superconducting per-
formance, are not considered here.

2. Model

Previously, a toy model of magnetic flux trapping by the surface
barrier of perforated holes in a cylindrical superconductor was con-
structed [24]. Now, let us consider a cylindrical type-II superconductor
with nearly spherical pores of different diameters. The sample has a
much larger size than the London penetration length A. The relevant
pore diameters are much smaller than the sample sizes but larger than A.

The cross-section of a porous cylinder perpendicular to its major axis
looks like the same cross-section of the perforated sample. However, the
voids corresponding to the cross-section of the pores are different in size,
and the arrangement of the voids depends on the position of the cross-
section plane. Additionally, the magnetic field distribution depends on
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the coordinate z. However, the average trapped flux is independent of
the z value. We propose considering an average cross-section charac-
terized by an area S, which is the area of the cylindrical sample end face,
and the areal density of voids ¢,. The average diameter of the voids Dy, is
smaller than the average pore diameter Dp; the simple math gives D, =
nD,/4. In the considered case of porous media with a random structure,
the porosity ¢ is equal to ¢y [27], and ¢ = ngNVDg/ (64S), here Ny is a
number of the pores intersected by the cross section. The porosity in the
units of pores per inch can be expressed
as Ppp; ~ 0.02544/N, /S ~ 0.029,/¢/D,.

The magnetic field distributions realized in the cross section of a
porous superconductor and in the cross-section of a perforated super-
conductor are practically equivalent. Due to the elasticity of super-
conducting vortex lines [13,28], each line can warp and skewer many
pores to minimize the vortex energy [29,30]. Pores as well as perforated
holes decrease the useful area and the number of inner pinning centers.
At the same time, pores trap an excess magnetic field due to the surface
barriers [25]. The excess magnetic field is characterized by the param-
eter kp = Bp/Bpino, Where By, is the average magnetic field in the pores,
Bpino = Ppino/S, and Ppino is the magnetic flux trapped in the pore-free
sample. The value of ky, for pores is assumed to be the same as that for
holes [24]: ky, ~ [(BS/BpirlO)Z + 112, where B, = ®o/(4m\E), & is the
coherence length of the superconductor, and @ = 2.07x107*> Wb.

The correspondence between the perforated and porous samples al-
lows us to express the trapped flux for porous media in the same way as
for perforated superconductors [24]:

D & Pping(1 — @) (1 + kn). (€]

The three important parameters @jim, Pmax, and Pmax result from (1).
The porosity should be lower than the limit value @}, to improve the
trapped magnetic flux. That is, ® > ®;;,0 when ¢ < @jim, With

1

Pim = 1 — H 2

The optimal porosity, which corresponds to the maximum trapped
flux, is

1 1
Pnax =5 (1 _k_h) 3

The corresponding maximum value of the trapped flux is

_ (I)pin(] 1
D@ = 4 (2 + kn + kh)‘ (©)]
3. Results

The application of the model to the practically interesting case of
large-grain REBCO samples at 77 K is considered in this section.

3.1. Influence of the porosity on samples of different sizes

The trapped magnetic flux ® depends on the critical current density,
sample size, and porosity. The dependence of ® on ¢ for a cylindrical
YBCO sample with D = 2 cm is demonstrated in Fig. 1a. Using Bpino ~
HojcD/6 for the considered cylinder geometry and given the typical pa-
rameters of large-grain bulk REBCO samples (jo = 108 A/m? and B, =
0.17 T at 77 K), one obtains k,, ~ 1.08 for D = 2 cm. The trapped
magnetic flux is increased by increasing the porosity of the sample until
¢ = 0.036 (see inset in Fig. 1a). The increase in @ is negligible in this
case. As the porosity increases, the trapped flux decreases.

A low value of ky means that the flux trapping on the pores is
negligible in large single-grain superconductors. In addition, thermal
fluctuations can further suppress the surface barrier in high-T. super-
conductors [31] and additionally decrease k.

Higher values of ky can be realized in porous superconductors only
for smaller sizes or smaller critical current densities. Fig. 1b
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Fig. 1. Effect of the porosity ¢ on the trapped magnetic flux ® for the 2 cm
sample (a) and the 10 pm sample (b); j. = 10® A/m? for both samples. Arrow
indicates the porosity of YBCO foam. Insert (a) demonstrates the ®(¢p) depen-
dence for small values of ¢.

demonstrates the ®(¢) dependence for a cylindrical YBCO sample with D
= 10 pm. For this sample, k ~ 833, and the increase in @ is significant.
The maximum position shifts to greater ¢, and the peak corresponds to ¢
= 0.499. Note that the latter case is not grounded because D = 10 pm is
near the lower limit of the model’s applicability.

We apply the model to YBCO foam, which is quasi single-crystalline
[32]. The porosity of the YBCO foam is 0.75 [16] or about 30 PPI, which
is much greater than the optimal value @pax (see arrow in Fig. 1a). This
means that the trapped flux is diminished in this material. Indeed, the
trapped flux in this foam was found to be two orders of magnitude
smaller than that in single crystals of YBCO [19,33].

3.2. Maximum trapped flux

Fig. 2 shows the effect of the sample diameter on the maximum in-
crease in the trapped magnetic flux ®yax/®pino. It can be concluded that
the magnetic field trapped in the pores has almost no positive effect on
the trapped flux for macroscopic samples (D > 0.001 m). However, as
shown in Fig. 2, smaller microscopic samples can significantly increase
® due to porosity. The effect of porosity is more pronounced for su-
perconductors with lower j values because Byino is low in this case, and
kp can be very high.
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Fig. 2. Maximum achievable improvement in trapped magnetic flux.

3.3. Magnetic hysteresis loops

The potential effects of porosity on the sample magnetization are
considered in tis subsection. i) Pores can facilitate the movement of
magnetic flux into the sample interior and correspondingly reduce the
full penetration field and the magnetization width AM [21]. ii) The
specific surface increases with increasing porosity. This increases the
surface equilibrium magnetization and decreases the bulk nonequilib-
rium magnetization of the superconductor [34,35]. Thus, increasing the
porosity makes the magnetization hysteresis loops more asymmetric
along the H axis and decreases the irreversibility field (Fig. 3). iii) When
equation (2) is satisfied, the remnant magnetization increases due to the
excess flux trapped in the pores. This effect is expected only for micro-
scopic samples (D < 0.1 mm) and samples with low j.. iv) If (2) is not
satisfied, the remnant magnetization decreases.

4. Discussion

Any effects of sample demagnetization or local demagnetization on
the pore scale are neglected in the above considerations. The trajectories
of currents flowing through porous superconductors can be three-
dimensional [19], and this deviation from 2D is also neglected. We do
not expect that these geometric effects drastically change the depen-
dence (1). Therefore, the main results should not be dependent on the
sample geometry. The model claims the negative effect of macroscopic
porosity on the trapped magnetic flux for macroscopic high-T, super-
conductors. This result explains the decrease in ® due to the porosity
observed in a resent experimental study of macroscopic YBCO samples
[36]. For the smaller superconducting samples (D < 0.1 mm), if the
condition (2) is satisfied, the porosity can likely enhance the trapped
flux.

The applicability of the model to the cases of polycrystalline super-
conductors and superconducting fabrics [7,9] is questionable. These
materials are two-level superconductors [37]. At high fields, most of the
magnetic flux is trapped by defects into granules and crystallites. Pores
between granules can trap the excess magnetic field only in small
magnetic fields up to the lower critical field of the granules. A similar
case of the magnetic flux trapping by Josephson loops was considered in
[38].

The model can be useful for expectable room-temperature super-
conductors. Room-temperature superconductors are expected to have
low values of j. at high temperatures [39]. It means that ky can be suf-
ficient high, and these materials can be significantly facilitated by
porosity.
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Fig. 3. The hysteresis magnetization loops of a pore-free superconductor (solid
line) and a porous superconductor (dashed line). The curves were calculated
using the extended critical state model [34] with different contributions of the
surface magnetization.

5. Conclusions

The magnetic properties of superconducting samples are signifi-
cantly influenced by porosity. The simple toy model presented here is
used to answer the following question: is there a positive effect of
porosity itself on the trapped flux? It is found that the optimal porosity
depends on the sample size and the critical current density. However, for
macroscopic samples, the positive effect of porosity on the excess flux
trapping is found to be negligible. Thus, the increasing porosity in
single-crystal REBCO samples decreases the trapped magnetic flux.
Moreover, increasing porosity should increase the asymmetry of the
magnetic hysteresis loop of type-II superconductors and decrease the
irreversibility field.
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