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Abstract
Magnetic materials can help to improve the performance of practical superconductors on the
macroscale/microscale as magnetic diverters and also on the nanoscale as effective pinning
centres. It has been established by numerical modelling that magnetic shielding of the filaments
reduces AC losses in self-field conditions due to decoupling of the filaments and, at the same
time, it increases the critical current of the composite. This effect is especially beneficial for
coated conductors, in which the anisotropic properties of the superconductor are amplified by
the conductor architecture. However, ferromagnetic coatings are often chemically incompatible
with YBa2Cu3O7 and (Pb, Bi)2Sr2Ca2Cu3O9 conductors, and buffer layers have to be used. In
contrast, in MgB2 conductors an iron matrix may remain in direct contact with the
superconducting core. The application of superconducting–magnetic heterostructures requires
consideration of the thermal and electromagnetic stability of the superconducting materials
used. On one hand, magnetic materials reduce the critical current gradient across the individual
filaments but, on the other hand, they often reduce the thermal conductivity between the
superconducting core and the cryogen, which may cause destruction of the conductor in the
event of thermal instability. A possible nanoscale method of improving the critical current
density of superconducting conductors is the introduction of sub-micron magnetic pinning
centres. However, the volumetric density and chemical compatibility of magnetic inclusions has
to be controlled to avoid suppression of the superconducting properties.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Magnetic materials can help to improve the performance of
practical superconductors on the macro/microscale as magnetic
diverters and also on the nanoscale as effective pinning centres.

It is well documented that ferromagnetic materials acting
as magnetic flux diverters and screens can effectively reduce
the exposure of the superconducting material to an external
magnetic field and therefore improve the in-field performance
of practical superconductors [1]. The external magnetic field

may originate from neighbouring elements or electromagnets,
as in the case of current leads or from neighbouring strands
and phases in superconducting cables [2–4]. A strong
influence of the presence of ferromagnetic substrates, coatings
and buffer layers on the magnetic flux distribution from
neighbouring filaments has also been calculated for practical
multifilamentary YBa2Cu3O7, (Pb, Bi)2Sr2Ca2Cu3O9 and
MgB2 conductors [5, 6]. The prospect of using low-cost,
highly-textured Ni-based substrates [7, 8] has stimulated
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Figure 1. Magnetization of MgB2 nanocomposites: (a) comparison of MgB2 with high-intensity ultrasound treated MgB2 + Mo2O6 and
MgB2 + Fe2O3, after [11, 15]; (b) comparison of MgB2 (solid line) with an unannealed mixture of MgB2 + Fe in a (Cu/MgB2 + 10% Fe)
conductor (dotted line), magnetic field applied along the wire axis.

research concerning potential architectures of superconducting
cables in which ferromagnetic substrates can be used [2, 9].
These calculations are very valuable, but because they are
just 2D models they do not take into account the real helical
configuration of the tapes in the cable [10–13]: the transversal
distribution of the current in the conductor increases the
participation of the ferromagnetic substrate material in the
overall losses of the cable.

Improvement of the transport properties of conductors
by the addition of nanoscale/sub-micron magnetic pinning
centres has recently been considered more widely, driven
by progress in understanding superconducting/ferromagnetic
interfaces [14–17]. However, the volumetric density and
chemical compatibility of magnetic nano-inclusions has to be
controlled [18] to avoid suppression of the superconducting
properties over distances larger than the coherence length [15].

In this paper we will discuss aspects of the influence
of ferromagnetic materials on the properties of practical
YBa2Cu3O7, (Pb, Bi)2Sr2Ca2Cu3O9 and MgB2 multifilamen-
tary conductors.

2. Ferromagnetic pinning centres

Important aspects of the coexistence of superconducting and
ferromagnetic materials include interfacial reaction, especially
in the case of MgB2 and the magnetic properties of
ferromagnetic particles at low temperatures from 4.2 to 77 K.
There is an open question if magnetic pinning centres should
be made from iron or from iron oxides. It was shown
by Grovenor [18] that the MgB2/Fe interface shows some
detectable chemical interaction, causing formation of Fe–B
compounds.

For very small ferromagnetic (FM) particles the magnetic
anisotropy energy Ka is comparable to the thermal energy, kT .
When this happens, the particles become superparamagnetic;
thermal fluctuations randomly flip the magnetization direction
between the parallel and antiparallel orientations. This
differs from conventional paramagnetism because the effective
moment of the particle is the sum of its ionic particles, which
can be several thousand spins in a ferromagnetic particle small

enough to show superparamagnetism. In our experiments,
iron powder was added to MgB2 powder, which was then
mixed, ground and annealed. It was evident that the higher
concentration of Fe in MgB2 dominates the behaviour of
the Cu/(MgB2 + Fe) composite irrespective of the sintering
procedure.

Prozorov et al [15, 19] observed that the magnetic
pinning force is a long-range attractive force with a
characteristic length λ. The magnitude of this force depends
on the magnetization value, particle size and orientation
of the magnetization vector in the magnetic particle with
respect to the flux line. Experiments with Fe2O3 + MgB2

superconductor treated with high-intensity ultrasound without
post sintering have confirmed the theory. A greater
enhancement of magnetic hysteresis was observed for samples
with embedded magnetic Fe2O3 nanoparticles than for non-
magnetic Mo2O5 additions with a similar concentration and
size distribution, figure 1(a), and the magnetically induced
critical current density with Fe2O3 nanoparticle doping was
consistently higher than for non-magnetic nanoparticles over
the whole range of temperatures [15]. Data achieved for
iron powder doped copper-clad PIT MgB2 wires showed some
improvement of the Jc. Further research will clarify whether
a smaller level of Fe doping may improve pinning further
and if sintering will not cause deterioration of the iron/MgB2

interface. The dependence of the magnetic pinning force on the
angle between the direction of magnetization in ferromagnetic
nanoparticles and the flux lines may be of interest, and it is
expected that oriented nanocomposite materials should have an
anisotropic pinning enhancement [15, 19]. Importantly, as the
contribution of the magnetic pinning force should be greater
for materials with high Ginzburg–Landau coefficients, these
results suggest a new direction in the improvement of magnetic
vortex pinning in high-Tc superconductors [15].

Nanoparticulate Fe3O4 doping in polycrystalline MgB2
has also been reported [20]. Strong fluctuations in the
magnetization curves for low dopant concentrations reveal the
occurrence of fluxoid jumps. A significant enhancement in
Jc is, however, observed at low nano-Fe3O4 concentrations in
the low temperature (20 K) and low magnetic field (<2 T)
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Figure 2. Spatial distribution of the critical current density in a 19-filament MgB2 wire cross-section in self-field, for different values of
relative magnetic permeability, μr, of concentric multi-screens: (a) μr = 1, Ic = 442 A; (b) nonlinear Fe μrmax = 9000, Ic = 628 A [1, 5];
(one may notice that the critical current density gradient across an individual filament can be as high as 20% of its nominal value. The
gradient is different for the internal filaments, and the lowest Jc values are achieved for the external filaments); (c) transport critical current
field dependences of the MgB2 PIT filamentary conductors containing different superconducting–magnetic heterostructures.

regime [20]. These phenomena are attributed to the strong
ferromagnetic nature of the iron oxide dopants dispersed
in the MgB2 matrix: vortices are depinned in the higher
temperature and field regime. Mossbauer spectra showed
that for higher doped concentrations, an extra intermetallic
Fe–B, phase is probably produced in the sample, reducing
the flux pinning [20]. The efficiency of ferromagnetic
nanopinning centres has to be assessed on the basis of their
size and chemical compatibility with MgB2. It can be
considered that the formation by low temperature processing
of surface-passivated nanoparticles in ferromagnetically-doped
in situ MgB2 conductors is of prime importance for current
research, even for the copper-clad ex situ/in situ MgB2

composite conductor [21]. If the iron or Fe–O particle size
decreases through the formation of Fe–B compounds at the
Fe/MgB2 interface, as has previously been reported [18], the
surface/volume ratio would increase such that surface effects
would strongly affect the magnetic properties. Therefore, in
the absence of surface passivation, the contributory surface
layer could greatly reduce the magnetic moment of the particle
and cause reduction of the beneficial effect of the magnetic
pinning effect.

In our experiments, iron powder of the diameter of 2 μm
was added to the commercial 325 mesh powder of MgB2

from Alfa Aesar, Johnson Matthew Company. Such a powder
mixture was then ground in Planetary Micro Mill Pulverisette-
7 made by FRITSCH GmbH. The actual conductors were
prepared by compacting pure MgB2 a mixture of MgB2
(10 wt% Fe) and MgB2 (25 wt% Fe) powders in a copper
tubes OD = 6 mm ID = 5 mm and purity 99.99%
using the powder-in-tube (PIT) method. After the final
cold deformation steps of swaging and drawing, part of the
doped and undoped and unreacted conductors were tested for
magnetic critical current and the another parts of unreacted
wires were sintered for 20 min at 850 ◦C under protective
atmosphere of argon before magnetic measurements. Using a
Quantum-Design SQUID magnetometer, magnetization versus
magnetic field (M–H ) curves of the round wires were
measured at temperature of 6 K and magnetic fields up

to 6 T to define the Jcmag. Jcmag was determined using
the Bean critical state model for an infinitely long cylinder
in parallel external magnetic field according to the formula
Jcmag(H ) = 3/2[�M(H )/R] where �M(H ) is the width of
the magnetization characteristic at applied magnetic field H
and R is the radius of the cylinder. Distribution of the critical
current in the multifilamentary conductor presented in figure 2
was conducted using electromagnetic software FLUXPD.

It was evident that the higher concentration of Fe in MgB2
(25 wt% Fe) dominates the behaviour of the Cu/(MgB2 + Fe)
composite conductor irrespective of the sintering procedure,
but data achieved for unreacted (10%Fe) doped copper-clad
PIT MgB2 (10 wt% Fe) wires showed 25% improvement of
the Jcmag at 0.6 T in comparison to undoped conductor: see
figure 1(b). After sintering of these conductors at 850 ◦C for
20 min Fe doped wire improved Jcmag up to 60%. Further
research will clarify whether a smaller level of Fe doping and
Fe nanoparticles may improve pinning further and if sintering
under pressure of our new patented in situ/ex situ Fe doped
conductors will cause deterioration of the Fe/MgB2 interfaces.
The dependence of the magnetic pinning force on the angle
between the direction of magnetization in ferromagnetic
nanoparticles and the flux lines may be of interest, and it is
expected that oriented nanocomposite materials should have an
anisotropic pinning enhancement [15, 19]. Importantly, as the
contribution of the magnetic pinning force should be greater
for materials with high Ginzburg–Landau coefficients, these
results suggest a new direction in the improvement of magnetic
vortex pinning in high-Tc superconductors [15].

3. MgB2 multifilamentary conductors for ac
applications with improved critical current

In multifilamentary MgB2 conductors there are also important
magnetic and cryogenic aspects of quench protection and
stability. Firstly, to avoid flux jumps in large-filament MgB2
conductors, use of a magnetic shielding material such as iron
is advantageous to reduce large magnetic flux gradients in
the superconducting filaments, see figure 2; and secondly, to

3



J. Phys.: Condens. Matter 21 (2009) 254206 B A Glowacki and M Majoros

provide adequate cryogenic stabilization, an external highly
conductive (thermally and electrically) metal is essential, such
as copper [1].

Generally, AC losses in coated conductors are very
sensitive to the magnetic field orientation relative to the
conductor surface. Even for untextured MgB2 coatings, the
only way to effectively reduce losses is to align the filamentary
conductors parallel to the external magnetic field. Increasing
the number of filaments is very helpful in this case, but if the
magnetic field can be correctly aligned along the conductor
surface the losses will be minimal.

Since iron appears to be one of the favourable materials
to be used as an ‘inert’ matrix especially for PIT conductors,
we can explore the possibilities of superconducting–magnetic
heterostructures [1] with the aim of minimizing ac losses for
novel electrotechnical devices. Computer modelling was used
to provide the foundation for the initial assessment of the
optimum design for possible power applications. Generally,
the ac losses in multifilamentary wires can be reduced by
twisting filaments. The shorter the twist pitch length, the
larger the ac loss reduction. The minimum practical twist
pitch is approximately five times the diameter of the composite.
While these twist pitches are fully effective in uniform external
magnetic fields, they are only partially effective in non-uniform
fields and are less effective with respect to the self-field of the
composite. In self-field conditions, the twist does not change
the self-field flux linked between the inner and outer filaments
substantially and the current first fills the outer layers of the
superconducting composite, similar to a solid superconductor.
To decouple the filaments in self-field conditions, a magnetic
screening method has been proposed [1, 13]. This method
is extremely important for the coated conductor configuration
and consists of surrounding each superconducting filament by
a thin ferromagnetic layer. We have established by numerical
modelling that magnetic shielding of the filaments reduces
ac losses in self-field conditions due to decoupling of the
filaments and, at the same time, it increases the critical
current of the composite. Figure 2 shows an example of the
critical current increase in the case of a shielded 19-filament
composite. The critical current increased from about 440 A up
to about 630 A in the magnetic self-field. This is due to the
rather strong magnetic field dependence of the critical current
density in the MgB2 material.

4. (BiPb)2Sr2Ca2Cu3O9 conductors

It was found experimentally that while most of the methods
of decreasing the AC losses in (BiPb)2Sr2Ca2Cu3O9 (Bi-
2223) and YBa2Cu3O7 tapes exposed to an external AC
magnetic field [22–24] are successful, they are not effective
in decreasing the transport AC losses, i.e. the self-field
losses [26]. The self-field losses of (BiPb)2Sr2Ca2Cu3O9

and YBa2Cu3O7 tapes, regardless of whether they have a
high resistivity matrix, oxide barriers around the filaments
or twisted filaments, still scale with the theoretical relations
for a monocore superconductor [24, 25]. This proves that
in self-field conditions, the filaments in (BiPb)2Sr2Ca2Cu3O9

and YBa2Cu3O7 tapes are still magnetically coupled. The

same is valid also for self-field losses in classical low-
Tc superconductors [26]. To decouple the filaments,
quite a large separation is needed, much larger than their
dimensions [27–29]. Such a method would substantially
decrease the current-carrying capacity of the composite.
To decouple the filaments magnetically we propose instead
to surround them with a suitable low-loss ferromagnetic
material [13, 30, 31]. This method of magnetic decoupling
can also be an effective technique to reduce the AC losses of
multifilamentary superconductors exposed to moderate AC or
DC external magnetic fields. In this paper we present results of
numerical modelling of multifilamentary (BiPb)2Sr2Ca2Cu3O9

tapes and YBa2Cu3O7 coated conductors with filaments
covered by a magnetic material such as soft iron with a
nonlinear magnetization characteristic. All the calculations
were performed in the fully-penetrated state in self-field
using the critical state model with constant critical current
density. The filaments were considered to have a rectangular
cross-section because it has been found numerically that this
geometry was more favourable from the point of view of
the losses when the filaments were covered by magnetic
layers [32]. There are also successful approaches to divert
the magnetic flux in superconductors by introducing magnetic
materials in proximity to the conductors [33, 34]. The magnetic
cover method utilizes the shielding effect of magnetic material.
In an idealized case, the magnetic field of a current-carrying
filament embedded in a ferromagnetic material propagates
outside and is screened by ferromagnetic coverings of the
neighbouring filaments, so that the current distribution of
the filaments inside these ferromagnetic coverings remains
unaffected by the magnetic field of the current-carrying
filament.

In figure 3 the role of magnetic screening of the Bi-
2233 filaments in a model tape cross-section (not to scale) is
presented. The conductor has 55 filaments, each of rectangular
cross-section 250 μm × 30 μm, covered with a magnetic layer
5 μm thick. The separation between covered filaments is
20 μm in both directions. In figure 3(e) levels of the total
loss in such a conductor are considered for coupled filaments,
screened filaments and perfectly decoupled filaments.

5. Epitaxial surface oxidation (native oxide) of
ferromagnetic substrates for YBa2Cu3O7 coated
conductors

Oxidation of highly-textured Ni-based ferromagnetic sub-
strates is usually to be avoided as the oxide which grows is
often of an unsuitable orientation or lattice match for deposi-
tion of buffer layers. However by controlling the conditions
in which the substrate is oxidized it may be possible to pro-
duce an adherent epitaxial oxide with the cube texture. Any
further buffer layers can then be deposited using an oxidizing
environment, and substrate oxidation will not be a problem in
the superconductor deposition stage. Indeed, if the oxide acts
as a diffusion barrier, this may even remove the requirement
for further buffer layers, in which case the surface oxidation
epitaxy technique may serve as a fast and inexpensive buffer
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Figure 3. Contribution of the individual filaments in one quadrant of the 55-filamentary wire: (a) coupled filaments and (b) magnetically
screened filaments (the inset shows the proportions of the loss in the superconducting material and the iron [22]); (c) the outline of the
analysed quadrant in the model tape cross-section; (d) cross-section of the measured samples: 55 filaments, Ag–Mg external sheath and Ag
matrix, dimensions of the tape: widths 3.65 mm, thickness 0.26 mm; (e) AC loss of 55-filament model conductor ( jc = 1.16 × 108 A m−2)
with different degrees of interfilamentary coupling (from left): (1) coupled superconducting filaments (i.e., no magnetic cover present),
(2) magnetically screened superconducting filaments (AC loss in superconducting filaments covered with iron layers Q = 0.000 07 J m−1 plus
the loss in the iron Q = 0.000 075 J m−1), (3) uncovered superconducting filaments with the iron but as if they were perfectly decoupled (i.e.,
mutually independent). The solid curve is a guide for the eye. The two horizontal lines represent two different goals (0.45 and
0.25 mW A−1 m−1) for HTS to be competitive with copper wires.

Figure 4. NiO layer on Ni substrates: (a) pole figure of the NiO; (b) optical image of the surface of a transparent SOE NiO/Ni grown at
1250 ◦C in air [35, 36]; (c) the (111) oxide (i) may be completely removed from the oxidized tape (ii) to leave behind a NiFe tape which has a
cube-textured oxide layer (iii) [37, 38].

layer route. There have been successful attempts to use self-
oxidation of Ni tapes [36–39], as presented in figure 4.

NiFe tapes have superior mechanical and structural
properties to pure Ni substrates and some other Ni alloys. The
oxidation process of NiFe tapes is more complicated due to
the fact that mixed oxides may be formed; however, a two-
stage spalling and re-oxidation process produces oxide which
is (100) oriented [37]. The θ–2θ scans shown in figure 4(c)
clearly show that the oxide that was removed had a (111)
texture, whilst the remaining tape is covered with an oxide

which is (100) oriented. The fact that a thin (100) layer
remains on the surface may be utilized to consistently produce
cube-textured oxides on the surface of the NiFe tape. It is
likely that the oxide is neither entirely NiFe2O4 nor Fe3O4,
but has some intermediate composition, best described as
(Nix Fe1−x)

2+Fe3+
2 O4 [39].

This type of magnetic oxide buffer layer on a NiFe
ferromagnetic substrate will require further development
concerning scaling up the native oxide buffer layers to reduce
the cost of the buffered coated conductor, and to prevent
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Figure 5. Possible cable architectures for YBa2Cu3O7 deposited on a ferromagnetic substrate: (a) superconductor on the inner surface of the
cable and (b) superconductor on the outer surface of the cable (in the picture, only a segment of the cable with two parallel tapes has been
schematically presented). (c) AC transport losses for the two orientations of the coated conductor relative to the cable surface presented in (a)
and (b), after [2]; (d) proposed new two-layer cable architecture in which the bottom layer is low cost; (e) proposed two-layer cable
architecture in which both superconducting layers are low cost and facing each other, and the current is transmitted in the opposite direction.

extensive oxidation of the NiFe substrates and contamination
of the YBa2Cu3O7 coating. The magnetic properties of the
native oxide layer may also be used in a novel deposition
approach where coatings could be covered by magnetic
material. The overall electron back-scattered diffraction,
EBSD, maps of grain orientation, as well as data about
misorientation from grain to grain, provides information
about potential percolative current paths in the subsequent
superconducting layer [40, 41].

6. Architecture of the coated conductors on
ferromagnetic substrates in the coaxial cable
configuration

The prospect of using low-cost, highly-textured Ni–Fe sub-
strates [7] has stimulated research into potential superconduct-
ing cable architectures in which YBa2Cu3O7 coated conduc-
tors with ferromagnetic substrates can be used [2, 42]. Mod-
elling of two designs for a single-layer cable constructed from
YBa2Cu3O7 on a ferromagnetic substrate was presented by
Miyagi et al [2], figures 5(a) and (b). It was proven that if the
ferromagnetic substrate is on the inner surface of the cable, fig-
ure 5(b), the participation of the ferromagnetic material in AC
losses can be negligible, whereas if the ferromagnetic material
is on the outer surface of the cable the losses are substantially
higher see figure 5(a). There are also possible solutions of new
superconducting cable architectures presented in figures 5(d)
and (e).

Similar calculations were conducted for two-layer cables
by Sato et al [9] with special attention to the influence of the
gap between the individual conductors. These calculations are
valuable, but because they represent 2D models of a straight
array of coated conductors along the cable they do not take

into account the real helical configuration of the tapes in a
multilayer superconducting cable [4, 43]. The influence of
the transverse distribution of the current in a helical conductor
has been taken into account by Majoros et al [3, 10–12], and
this can clarify the mechanism responsible for the increased
participation of the ferromagnetic substrate material in the
overall losses of the cable. Calculations of the transport ac
losses of the helix are presented by the authors in numerous
publications that can be a correct analogue for the practical
coated conductor cable under consideration.

While the radial magnetic field components are approxi-
mately the same on both surfaces, the axial field component B
on the inner surface is nearly two times higher than that on the
outer surface. From these results one can expect that the mag-
netic field start to penetrate into the tape from the inner surface
of the helical solenoid. To estimate the ac losses at the edges
of the tape one can then adopt the model of [44] and [45]. In
this model it is supposed that the magnetic field is confined
to one side of the superconducting sheet, which has a slit gap
of width g parallel to the direction of the current flow [44, 45].
The sheet is supposed to be infinitely long, infinitely wide, with
zero thickness and with constant critical current density, j , per
unit width. As shown in [48], the correct expression for the
loss, Lc, on both sides of the gap in a full cycle of the current
is expressed by equation (1).

Lc = μo j 2g2

π

[
2 ln

∣∣∣∣cos

(
1

2
π i

)∣∣∣∣ + 1

2
π i tan

(
1

2
π i

)]
. (1)

The main loss component comes from the axial magnetic
field on the inner side of a helix (coming from the helicity).
AC losses due to the gap between the tapes are only a small
fraction of it. The only possibility of using coated conductors
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Figure 6. Magnetic field lines (scale 6 × 10−10 Wb) of a model coated conductor with 7 strips embedded in a ferromagnetic cover of
rectangular cross-section, when the current with current density j = 109 A m−2 passes through the central filament only, after [31]: (a) μr = 1
of all the materials (substrate, buffer layer and cover); (b) ferromagnetic cover μr = 1000, substrate μr = 1, ferromagnetic buffer layer
μr = 1000 (dimensions of the filaments: 8 μm × 2 μm, thickness of the ferromagnetic layer = 0.5 μm, spacing between the covered
filaments = 1 μm, thickness of the buffer layer = 0.5 μm, thickness of the substrate = 9.5 μm), (c) schematic representation of a variety of
straight multifilamentary coated conductor structures, with magnetic buffer and caps layer to provide magnetic decoupling and even electric
decoupling of the filaments [48].

with ferromagnetic substrates is in a 2-layer coaxial cable in
which the outer layer serves as a return conductor. In the ideal
case, with a small inter-layer separation, there is no magnetic
field inside or outside of it: the magnetic field exists only in
the space between the two layers. So we can imagine the
use of a coated conductor tape with a ferromagnetic substrate
inside (in the inner layer) and outside (in the outer layer) of
the cable so that the substrates could not see any magnetic
field. The minimum layer separation is determined by the
thickness of the insulation, which depends on the voltage level
used [46]. This cable architecture was originally developed
in Brookhaven National Laboratories some decades ago using
Nb3Sn tapes, see e.g. [46].

7. Multifilamentary YBCO coated conductors for AC
applications

Because (RE)Ba2Cu3O7 coated conductors are characterized
by a high irreversibility line and high Jc values in external
magnetic fields, they are among the most promising candidates
for power applications such as generators or motors [47].
Advances in multifilamentary YBa2Cu3O7 coated conductor
technology such as laser grooving, ink jet patterning and ink jet
printing may allow the manufacture of narrow filaments with
high critical current density on a thin non-magnetic metal alloy
substrate which is separated from the superconductor by a thin
dielectric, conductive or even magnetic buffer: see figure 6(c).

There are many issues that should be addressed during the
design stage of a coated conductor for AC transport current
and AC external field applications before actual optimization
of the deposition processes of the conductor takes place. The
transverse resistivity across the filamentary structure depends:
on the resistivity of YBa2Cu3O7/metal layer boundary, which
affects the current transfer length, on the resistance of the metal
layer covering the filaments per unit length, and finally on the
width and Jc of YBa2Cu3O7 filaments. In the case of filaments
with highly conductive stabilizers only on top of the filaments,
the transverse resistivity between filaments can be high.

7.1. Decrease of transport ac losses in multifilamentary
superconductors by ferromagnetic coatings

It is clear from the simulation presented in figure 6 that
only in the case of both a ferromagnetic buffer layer and
a ferromagnetic cover will the flux generated by the central
filament be diverted away from the neighbouring filaments,
figure 6(b).

The experimental data for transport ac losses in
multifilamentary wires and tapes (both low-Tc and high-Tc) lie
between two theoretical limits for a monocore superconductor
of circular or elliptical cross-section and a thin strip, derived
from the critical state model. According to this model [47] the
transport ac losses Q with a transport current of amplitude Io

for a monocore superconductor are, for an elliptical or circular
cross-section equation (2):

Q = μo I 2
c

π

[
(1 − i) ln(1 − i) + (2 − i)

i

2

]
(2)

and for a thin strip superconductor equation (3)

Q = μo I 2
c

π

[
(1 − i) ln(1 − i) + (1 + i) ln(1 + i) − i 2

]
(3)

where Q is the loss energy per cycle in joule per unit length of
the superconductor, Ic is the critical current of the monocore
superconductor and the parameter i = Io/Ic is the normalized
current.

The theoretical losses, equations (2) and (3), are hysteretic
losses and they do not depend on frequency. From these
relations it is seen that the transport ac losses for a monocore
superconductor with either circular, elliptical or thin strip
cross-section can be written as equation (4)

Qmono = a I 2
c F(i) (4)

where a = μo/π and F(i) is a functional dependence
characterizing the geometrical form of the cross-section. In
the case of N identical and independent (i.e. magnetically
decoupled) filaments, the same theoretical equation (4) holds
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Figure 7. (a) AC loss distribution in individual filaments when they are covered with Fe layers and without the covering. (S/Fe—total losses,
S—part of the losses only in the superconductor). Only the filaments from the cross-section marked in black are shown; (b) AC loss in
superconducting material of a model coated conductor ( jc = 1010 A m−2) as a function of the number of filaments (constant amount of
superconducting material, iron layer thickness 1 μm, separation between covered filaments 5 μm). (•—coupled filaments, i.e. no magnetic
cover, —magnetically screened filaments, �—decoupled filaments, i.e. no magnetic cover but the filaments mutually independent). The
curves are a guide for the eye, and the horizontal lines represent two different goals (0.45 and 0.25 mW A−1 m−1) for HTS to be competitive
with copper wires [22].

for each filament, but this time Ic is the critical current of
a single filament which we denote Ic1 [31]. Transport ac
losses of such a multifilamentary superconductor Qmulti are
then the sum of the losses of each individual filament Q1,
i.e. Qmulti = N Q1. Similarly the critical current of such a
multifilamentary superconductor is simply the critical current
of the individual filament Ic1 multiplied by the number of
filaments, i.e. Icmulti = N Ic1, and the parameter i is the
same for the monocore and multifilamentary superconductors,
because imono = Io/Ic = N Io1/(N Ic1) = imulti. Hence
the ratio K of the losses in a monocore superconductor
Qmono to the losses in a multifilamentary superconductor with
magnetically decoupled filaments Qmulti is equation (5):

K = Qmono

Qmulti
= a I 2

c F(i)

a N I 2
c1 F(i)

= I 2
c

N I 2
c1

= (N Ic1)
2

N I 2
c1

= N. (5)

From this analysis it is clear that magnetic decoupling of
the filaments significantly decreases the transport ac losses,
proportionally to the number of filaments N , which in the case
of e.g. 100 filaments means an overall decrease in the losses by
two orders of magnitude [31].

To decouple the filaments magnetically we propose to
surround them by a suitable ferromagnetic material. From
a theoretical analysis of a single filament surrounded by
ferromagnetic material [32], it follows that while for a
superconductor with circular cross-section the presence of
a magnetic coating does not influence the magnetic field
distribution within the superconductor or the transport ac
losses, for a superconductor with an elliptical cross-section, the
magnetic coating affects both the magnetic field distribution
and the transport ac losses. The same is also expected to be
valid for Ic.

When estimating the overall transport ac loss decrease by
magnetic decoupling of the filaments, equation (5) must be

modified by taking into account the ac loss increase in the
superconductor itself by the presence of the magnetic coating,
its Ic degradation and the hysteretic losses in the magnetic
coating as well. Because the theoretical results are unknown,
we introduced an additional parameter k that contains the effect
of the ac loss increase in both materials, the superconductor
and the magnetic coating [31]. The critical current of a coated
single filament is Ic1coated = α Ic1 where the parameter α

characterizes the Ic degradation by the coating. Then the
ac losses of a single coated filament can be expressed by
equation (6):

Q1coated = ka I 2
c1coated F(i) = kaα2 I 2

c1 F(i). (6)

Then ac losses in the multifilamentary superconductor
with magnetically coated filaments can be defined by
equation (7):

Qmulticoated = N Q1coated = Nkaα2 I 2
c1 F(i). (7)

In comparison with a monocore superconductor at the
same reduced current i one obtains in the form of equation (8):

K ′′ = Qmono

Qmulticoated
= a I 2

c F(i)

Nkaα2 I 2
c1 F(i)

= N2 I 2
c1

Nkα2 I 2
c1

= N

kα2

(8)
where the parameters, k and, α, are to be determined from
experiment. Example results of the ac losses calculation for
an 11-filament coated conductor covered by ferromagnetic
material are presented in figure 8.

The beneficial influence of the magnetic decoupling of
individual filaments in the coated conductor by ferromagnetic
material is clearly presented in figure 7.

If instead of the non-magnetic substrate, a ferromagnetic
NiFe substrate is also used, the magnetic flux along the YBCO
c-axis will be amplified. To divert the flux a ferromagnetic
buffer layer and ferromagnetic coating will be needed as
presented in figure 8(b).

8



J. Phys.: Condens. Matter 21 (2009) 254206 B A Glowacki and M Majoros

Figure 8. Magnetic field lines (scale 6 × 10−10 Wb) of a model coated conductor with 7 strips embedded in a ferromagnetic cover of
rectangular cross-section, when a current with current density j = 109 A m−2 passes through the central filament only: (a) μr = 1 of the
buffer layer and cover materials where substrate μr = 1000, (b) μr = 1000 for all the materials (substrate, buffer layer and cover).

8. Conclusion

In this paper we have provided evidence that the proximity
of ferromagnetic materials may benefit the performance of
superconducting conductors in respect of the critical current
and ac losses. These very encouraging results will be
further explored to bring a better understanding of the role
of magnetic coatings and magnetically enhanced pinning in
doped superconductors including MgB2 and HTS.

The presence of ferromagnetic materials may influence
the performance of superconductors on the nano, micro
and macroscales. Despite the evidence that ferromagnetic
materials in proximity to the superconducting material can
substantially improve superconducting parameters, there is
a need for further research to determine the behaviour of
ferromagnetic pinning centres subjected to high temperature
sintering conditions, during which the interface between the
superconductor and ferromagnet can be strongly modified by
interdiffusion processes. Also it is important to define the
optimum size and shape for pinning centres: it is not yet
obvious if the magnetic inclusions should be single-domain or
multi-domain particles to achieve the optimum magnetic flux
interaction.

There is also a necessity to develop thicker epitaxial native
oxide layers on ferromagnetic NiFe substrates that would
provide low-cost buffered RABiTS for the high performance
coated conductor. It is envisaged that ink jet printing
is one of the most promising techniques to provide fully-
assembled, multilayer, multifilamentary coated conductors
including YBaCuO, screening magnetic coatings and silver-
based conductive stabilization layers. Such low-cost coated
conductors could be applied in AC applications including the
composite superconducting cables discussed here and also
NMR electromagnets, in which the proximity of ferromagnetic
substrates would not be detrimental to coated conductor
performance.
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