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We have uncovered at the macroscopic scale a magnetic coupling phenomenon in a superconducting
YBa,Cu3;0;7_5 (YBCO) film, which physically explains the mechanism of the high-temperature super-
conducting flux pump. The coupling occurs between the applied magnetic poles and clusters of vortices
induced in the YBCO film, with each cluster containing millions of vortices. The coupling energy is
verified to originate from the inhomogeneous field of the magnetic poles, which reshapes the vortex
distribution, aggregates millions of vortices into a single cluster, and accordingly moves with the poles.
A contrast study is designed to verify that, to provide the effective coupling energy, the applied wavelength
must be short while the field amplitude must be strong, i.e., local-field inhomogeneity is the crucial factor.
This finding broadens our understanding of the collective vortex behavior in an applied magnetic field with
strong local inhomogeneity. Moreover, this phenomenon largely increases the controlled vortex flow rate
by several orders of magnitude compared with existing methods, providing motivation for and physical
support to a new branch of wireless superconducting dc power sources, i.e., the high-temperature

superconducting flux pump.
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I. INTRODUCTION

Magnetic flux enters a type-II superconductor as quan-
tized magnetic vortices, each carrying magnetic flux
quantum ®; = 1/2e = 2.07 x 10~15 Whb. For vortices pen-
etrating into a superconducting sample, there are three major
forces that determine the vortex movement: the pinning force
F, arising from defects in the superconductor, the repulsive
force F, between vortices of the same sign, and the attractive
image force F, between the vortex and the sample edge.
This last force originates from the boundary condition
stating that no current leaves the boundary and is satisfied
by adding an image vortex of the opposite sign [1-3]. This
image force provides a boundary energy barrier to vortex
penetration and may have a long-range interaction in super-
conducting thin films [4,5]. The pinning force F',, prohibits
the vortex from free movement in the superconducting
sample. However, the mutual repulsive forces F, between
vortices of the same sign drives the vortices into motion
when F, > F,. This mutual repulsive force arranges the
vortices into the characteristic regular triangular lattice with
spacing a = {2®,/[(3)"/?>B]}'/2. The classic magnetization
models for the type-II superconducting materials with strong
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pinning, such as the Bean model [6], have assumed critical
values for the magnetic gradient as a result of the force
balance between the collective mutual repulsive force and
the pinning force, ie., F, = F e To date, the Bean model
provides a powerful means to predict the magnetization
behavior in type-II superconducting materials in homo-
geneous oscillating fields.

Because of the microscopic scale of the vortices and the
strong pinning effect, controlling the vortex motion in a
superconducting film remains technically challenging.
Nevertheless, such control has important scientific and
technological implications, such as for fluxon “pumps,”
“lenses,” and “diodes.” To date, there are two distinct ways
to control the vortex motion in type-II superconducting
films; one is based on the ‘“ratchet effect” [7,8], the other is
the “dc transformer” [9]. The ratchet effect is based on
artificial asymmetric pinning centers in the superconduct-
ing film to rectify the vortex flow direction in ac stimu-
lation. By applying an ac current, the flow rate is higher in
one direction than the opposite, causing a net vortex flow in
the favored direction and outputs a dc voltage. The profiles
of these artificial asymmetric pinning potentials include the
sawtooth [10,11] and triangular [7,12] shapes. In layered
superconductors such as YBCO and Bi,Sr,CaCu,Og, s,
the ratchet effect can be induced by the interactive forces
between Josephson vortices and pancake vortices [13,14].
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Giaever’s pioneering work on the dc transformer
has showed that the vortex motion can be controlled via
vortex-vortex coupling [9,15]. In his experiments, two
superconducting films—a primary and a secondary—were
superposed and electrically insulated. The thicknesses of
both superconducting layers were several thousand ang-
stroms, whereas the thickness of the insulation layer was
several hundred angstroms. A dc background field was
applied perpendicularly to the superconducting films to
establish an Abrikosov vortex lattice in both superconduct-
ing layers. The noted effect was the mutual attractive force
between paired vortices, one located in the primary film
and the other located in the secondary film. The force
tended to line up the two vortices, thus inducing a vortex-
vortex coupling [16]. If a vortex flow is triggered in the
primary film by injecting a dc current, for example, the
vortex of the coupled pair in the secondary film flows
accordingly, and thereby produces dc voltages in both
superconducting layers. A similar effect is also found in the
intermediate states of type-I superconducting films [17].
In the layered superconductor, this coupling between paired
pancake vortices in different CuO, layers plays an impor-
tant role in its vortex dynamics [18].

In the dc transformer, the vortex-vortex coupling force
arises from field inhomogeneity existing in the vortex
structure [19]. Experiments have shown that, as a result of
field smoothing, increasing the vortex density [19,20] or the
thickness of the insulation layer [21,22] reduces the coupling
force. In particular, the coupling force rapidly diminishes
when the vortex spacing a is comparable to the thickness of
the insulation layer because the field becomes strongly
homogeneous [23,24]. The coupling energy E.(5) can be
derived from the Gibbs free energy [23-25]. Its minimum
value occurs when the primary vortex lattice overlaps with the
secondary lattice; its maximum value occurs when the
primary vortices are beneath the centers of the equilateral
triangles of the secondary vortex lattice [24]. Therefore, the
coupling energy is periodic [23,24]. The coupling force is
derived from the gradient of E,(5) [24], F.(5) = V,E.(5).
Therefore, misaligning the two coupled vortices results in a
coupling force as it increases the coupling energy.

In light of the foregoing, we consider the possibility of
inducing a magnetic coupling effect at the macroscopic
scale by applying a magnetic pole of a relatively short
wavelength. If the coupling is possible at this scale, the
coupling length should increase from a microscopic
107 m in the dc transformer to a macroscopic 1072 m.
The coupling is between a single applied pole and millions
of vortices in the superconducting film, separate from the
single vortex-vortex coupling in the dc transformer. Hence,
this coupling increases significantly the controlled vortex
flow rate and eases the control complexity.

The content of this work is arranged as follows. First,
we introduce the experimental setup and the numerical
method. Second, based on the numerical model which is

verified in experiments, we compare the vortex behavior
inside a YBCO thin, which is magnetized by the magnetic
poles of different wavelengths, and establish that the macro-
scopic magnetic coupling requires short-wavelength con-
ditions. We next discuss the impact of the field amplitude on
the coupling effect. Finally, we discuss the impact of this
finding on practical applications; in particular, we fully
explain the HTS flux pump behavior based on our finding.

II. EXPERIMENTAL AND SIMULATION
TECHNIQUES

In this work, we apply magnetic poles with wavelengths
comparable to the size of the superconducting sample.
Hence, the local-field inhomogeneity is strong in the
superconducting region. Also, to observe the magnetization
process clearly and to avoid geometric interference, we
chose a circular shape for both the sample and the applied
poles. To address the foregoing concerns, a device, referred
to as a “circular-type magnetic flux pump” (CTMFP)
[26-32], is fabricated; its structure is shown in Fig. 1(a).
The device generates short-wavelength magnetic poles,
which are axisymmetric [Fig. 1(b)]. The applied field is
normal to the surface of the round YBa,Cu;0;_s film
(prepared by Ceraco Ceramic Coating GmbH, Germany)
[28]. Although the CTMFP devices generate an ac field, the
experimental principle is different from the conventional ac
susceptibility measurements in alternating fields [33,34]
and rotating fields [35-38], or the magneto-optical studies
of flux penetration [39] and avalanches [40] in ac fields.
The studies of the latter involved experiments using uni-
form fields rather than fields of strong inhomogeneity.

The YBCO film is 50 mm in diameter; the thickness
of the YBCO layer is 2000 A, which is about one-fifth of
a commercial coated conductor (CC) of high-temperature
superconducting (HTS) material. The YBCO layer is
deposited on a 2-in.-diameter Al,O; wafer. The sample
is sealed inside a Tufnol chamber to protect it from
humidity and scratches. Fifteen Hall sensors are installed
above the sample to measure the flux densities along the
radius. During the experiments, the whole device [Fig. 1(a)]
is submerged in liquid nitrogen at 77 K to maintain the
YBCO film in the superconducting state.

The numerical simulation is based on the finite-element
method (FEM) applying Maxwell’s equations and the
nonlinear E —J power relation of the YBCO sample.
The governing equation is expressed as [26,27,29]

OH
ﬂrﬂOE‘FVX(PVXH):O’ (1)

for which the magnetic field H = [H,, H.]” is given in
cylindrical coordinates; the E-J power law gives the
resistivity of the sample, p = J"'E./J%, with critical
current density J~ = 1.87 MA/cm?, which is comparable
to a commercial 2G HTS CC; the index value n = 30, and
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(a) de-bias field coils (b)

Phase coils

FIG. 1.

Direction of applied field Bz

Magnetic pole
circular geometry)

Traveling direction v

YBCO film (circular geometry)

(a) CTMFP experimental device contains two identical CTMFP magnets, each comprising phase windings in the center and a

dc coil in the outer periphery. A round YBCO film is sandwiched in the gap between the two magnets. The function of the device is to
generate short-wavelength magnetic poles that are axisymmetric. (b) The short-wavelength magnetic poles generated by the device
are axisymmetric with the applied field normal to the sample surface. The traveling direction of the magnetic pole is towards the

sample center.

the criterion E- = 10~* V/m. The field dependence of J~
on the magnetic flux density B is not considered in the
model. The model has been verified in experiments,
reproducing the magnetization, and uncovers the vortex
dynamics inside the YBCO film [26,27].

To describe the relative size between the sample and the
applied pole [26], a dimensionless parameter 6 = r/A,
where r = 25.0 mm is the radius of the YBCO film and
A the wavelength of the magnetic pole. Thus, the value [26]
indicates the number of magnetic poles in the super-
conducting region.

III. RESULTS AND DISCUSSION

Based on the results of the verified FEM model, we
discuss the impact of the field inhomogeneity of the ac
traveling wave on the magnetization of the YBCO film.
The degree of field inhomogeneity derives from two
aspects: wavelength and amplitude; i.e., shortening the
wavelength or increasing the amplitude increases the field
inhomogeneity. In the first part of the following work, we
shorten the wavelength, observing the changes in magneti-
zation behavior from the widely accepted Bean model to
the unknown magnetic coupling effect. In the second part,
with short-wavelength conditions, we decrease the field
amplitude observing the vanishing of the coupling effect
through field smoothening.

Three different wavelength conditions are chosen for
our comparative study: (I) long-wavelength condition
A =250.0 mm, 26 = 0.2, derived from the FEM model;
(II) short-wavelength condition A = 30.0 mm, 26 = 1.7,
from the verified FEM model based on the original CTMFP
device [27,28]; and (III) short-wavelength condition
A=15.0 mm, 26 = 3.3, from the verified FEM model
based on an updated CTMFP device [26]. The amplitudes
of the magnetic pole are all set to B, = 2.0 mT. Hence,
only the wavelength 4 affects the local-field inhomogeneity,

i.e., case Il has the strongest field inhomogeneity and
case I the weakest. The frequencies of the ac traveling
waves are all set to f = 0.1 Hz. The applied fields of the
three different wavelengths are applied to a pristine YBCO
sample. During the magnetization process, the penetrated
flux inside the sample is calculated based on the verified
FEM model.

The result for the long-wavelength condition I [Fig. 2(a)]
shows the magnetization behavior resembles that of the
Bean model. The top three curves give the applied field in
the superconducting region, for transient moments ¢t = 0,
0.2, 0.4 T (marked as @, @, ®, respectively), where T is the
period. The bottom three curves plot the penetrating flux
inside the YBCO sample for the same moments. From
Fig. 2(a), the applied field in the superconducting region is
almost homogeneous as the wavelength is relatively long.
In this case, magnetic flux cannot penetrate into the central
region because the amplitude of the applied field is only
2.0 mT; at least 7.0 mT is required for this to occur [28].
The applied field penetrates and oscillates in the outer
ring of the sample, whereas the magnetic gradient in the
penetrated region exhibits constant critical values. The
above features are consistent with the classic Bean critical
state model [6,41], which provides excellent predictions of
the collective vortex behavior of type-II superconducting
materials in an oscillating homogeneous field.

However, as we shorten the wavelength to the scale
comparable to the sample size, we note a distinct feature
which deviates from the classic Bean model, specifically, a
small field amplitude fully penetrating the sample, and a
macroscopic magnetic coupling effect. From the result for
the short-wavelength condition II [Fig. 2(b)], although the
field amplitude is the same as in Fig. 2(a), the magnetic flux
has fully penetrated the YBCO sample. Moreover, we note
that the applied magnetic pole has introduced a large
amount of flux into the YBCO sample; the maximum flux
density is 0.4 mT, which is about 1/5 of the applied field
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(a) Long wavelength condition 4 = 250.0 mm, 26 = 0.2, derived from the FEM model. The top three curves show the applied

field without the sample, at time t =0, 0.2, 0.4 T (marked as ©®, @, ®, where T is the period); the bottom three curves show
the corresponding flux densities penetrating inside the YBCO sample. (b) Short-wavelength condition 2 = 30.0 mm, 26 = 1.7 from the
original CTMFP device. The results are derived from the FEM model. (c) Short-wavelength condition 4 = 15.0 mm, 26 = 3.3 from the
updated CTMFP device. The results are derived from the FEM model. (d) Demonstration of coupling features revealed in Fig. 2(c),
including the ramping up of vortex density and the misalignment between the applied pole and coupled cluster.

amplitude. In particular, this induced flux travels in syn-
chrony with the applied pole; in other words, a magnetic
coupling seems to have become established between the
applied pole and a cluster of millions of vortices. We also
note a “terrace” region in the central part of the coupled
cluster that does not show critical values of the magnetic
gradient. This phenomenon resembles the so-called
“terraced critical state” [42,43], arising within a periodic
pinning landscape, in which extremely high currents are
interlaced with regions of near zero current. The terrace
region [Fig. 2(b)] suggests that the periodic ac traveling
wave has induced a periodic pinning potential within the
vortex structure.

To further investigate this possible magnetic coupling
behavior on the macroscopic scale, we further shorten the
wavelength [case III]. The results [Fig. 2(c)] show that the
applied magnetic pole exhibits the strongest local-field
inhomogeneity. Moreover, clear magnetic coupling behav-
ior is seen between the short-wavelength magnetic pole
and the cluster of vortices. The magnetic pole induces and
couples a certain number of vortices at the edge of the
YBCO sample; this cluster of coupled vortices travels in

synchrony with the imposed pole until it reaches the center
of the YBCO sample where it remains as a trapped flux.
Interestingly, during the next half period, a negative
magnetic pole couples and drags a cluster of negative
vortices towards the center of the YBCO sample, where it
annihilates the previously trapped positive flux.

In Fig. 2(c), two clear features are apparent as the cluster
travels with the applied pole. As depicted in Fig. 2(d), there
is first a misalignment between the centers of the pole and
cluster, when the cluster is near the rear of the pole and flux
bending should be expected. Second, the flux density of the
cluster ramps up as it travels from the sample edge towards
the center. The misalignment between the pole and the
cluster follows the theoretical prediction for the misalign-
ment of a coupled pair of vortices in the dc transformer
[24]. As illustrated in Fig. 2(d), this behavior increases
the magnetic energy and results in a driving force for the
coupled vortices [23-25] that assists vortices to overcome
the pinning force and travels with the applied pole.

The ramping up of the flux density can be explained
from the circular geometry [Fig. 2(d)]; as the coupled
vortices are confined to a certain region near the rear part of
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the pole, then if the coupled vortices are transported
towards the center (from region 1 to region 3), the coupled
area shrinks because of the circular geometry. However, the
number of coupled vortices remains the same, resulting in the
ramping up of the vortex density. The confinement of vortices
to isolated islands is observed in the superconducting-
ferromagnet bilayer [44,45], in which the magnetic domains
in the ferromagnetic layer create a pinning potential for the
vortices. The difference is that, in our case, the vortex cluster
is not only created by the magnetic pole, but it also travels
in concert with it, i.e., a coupling force F ' is introduced into
the vortex dynamics. The vortex confinement and ramping
up of the vortex density suggests a strong magnetic coupling
in case III.

From Figs. 2(b) and 2(c), we observe macroscopic
magnetic coupling effects. We also verify that the coupling
strength originates from the local-field inhomogeneity
produced by the magnetic poles with short wavelength;
i.e., the macroscopic magnetic coupling appears only when
the applied wavelength is short enough compared with
the sample size. However, as we discuss above, there is
another parameter, which affects the local-field inhomo-
geneity apart from the wavelength A. This is the field
amplitude B,.. By increasing or decreasing B,., the local-
field inhomogeneity is enlarged or suppressed, which may
affect the coupling strength.

To understand how the field amplitude affects the
coupling strength [Figs. 2(b) and 2(c)], the field amplitude
B, is halved to 1.0 mT; the results are shown in Figs. 3(a)
and 3(b), respectively. Comparing Figs. 3(a) and 2(b) at
A =30.0 mm, although B,. is halved, the magnetic cou-
pling effect is still observable, except the maximum flux
density of the coupled flux is one-half that of Fig. 2(b). In
this case, the coupling strength decreases linearly with the
applied field. However, comparing Figs. 3(b) and 2(c) at
A = 15.0 mm, the magnetic coupling effect vanishes as B,
is halved in Fig. 3(b). The applied field penetrates and
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oscillates in the outer ring of the sample, i.e., the YBCO
sample has completely shielded the flux from entering the
central region.

Note that the coupling effect vanishes in Fig. 3(b) despite
the local-field inhomogeneity (shorter wavelength) being
stronger than for Fig. 3(a). The result suggests that the
coupling strength does not increase monotonically when
shortening the wavelength A. If the wavelength is relatively
too short comparing with the sample size, the superconducting
screen current smooths out the local-field inhomogeneity and
weakens the coupling. This suggests that there is an optimal
setting of & for which the coupling effect is most efficient.

The macroscopic magnetic coupling effect uncovered in
this work can be applied in practical applications to control
massive vortex flows. Compared with single vortex-vortex
coupling and transportation [9,15], this method couples and
transports millions of Abrikosov vortices with each pole,
thereby increasing the vortex flow rate by several orders of
magnitude. Also, since our method relies on an external
magnetic field, problems such as weakening coupling force
through field smoothing of the high vortex density [19,20]
or thick insulation layer [21,22] are avoided. Moreover,
instead of using specially prepared superconducting films,
commercial superconducting wire can be used with our
method; difficulties such as preparing complex pinning
potentials [7,8] or bilayer superconducting structures [9,15]
are also avoided.

The most important applications of this finding are in
helping HTS magnets to run at a persistent current mode
(PCM), and in making possible flux pumping for an HTS
magnet. Flux pumping is a technology that transports
magnetic flux into a superconducting closed loop. For a
low-temperature superconducting (LTS) magnet, this is
realized by transporting flux within a normal spot in a LTS
film. The normal spot is created by (i) applying a strong
magnetic field (greater than critical field B, for type-I
superconducting film, or greater than upper critical field
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(a) Short-wavelength condition 4 = 30.0 mm, 26 = 1.7 from the original CTMFP device, the results are derived from the FEM

model. The top three curves show the applied field without the sample, at the time # = 0, 0.2, 0.4 T (marked as ©, ®, ®, where T is the
period); the bottom three curves show the corresponding flux densities penetrating inside the YBCO sample. (b) Short-wavelength
condition A = 15.0 mm, 26 = 3.3 from the updated CTMFP device. The results are derived from the FEM model.
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B, for type-II superconducting film), or (ii) local heating
(greater than critical temperature 7¢) [46]. The normal spot
is smaller than the width of the LTS film, which resembles a
current switch in comparison with the superconducting
region; the superconducting current bypasses the normal
spot and only flows in the superconducting region. The
magnetic flux is embedded in the normal spot and trans-
ported into the LTS closed loop, and eventually trapped in
the LTS closed loop [46]. By repeating the process, the total
flux in the LTS closed loop accumulates until the induced
current reaches critical value /. However, for an HT'S film,
creating a normal spot is not practical because the upper
critical field B, is very high and partially heating an
HTS CC is complicated.

Based on the findings on the macroscopic magnetic
coupling, the flux pumping for the HTS magnet can be
achieved using vortex dynamics rather than creating a
normal spot; i.e., each tiny vortex can be considered as
being equivalent to a normal spot with a radius equal to the
coherence length £ and a magnetic flux equal to a magnetic
flux quantum ®, = h/2e = 2.07 x 107> Wb. For a clus-
ter with n coupled vortices, the total area of the “normal

(a)
Trapped flux O
i <ol

HTS magnet I => Joint (superconducting or resistive)

(b) @

I —=>

D + ndy

L

(©
<= LtAl

I+Al —=>

dc-biased ac traveling wave (homopolar)

Coupled vortex cluster

Flux bending | \

sport” equals nzé&?, and the total coupled flux equals n®,.
To achieve a net flux accumulation, it is important to dc
bias the ac traveling wave to suppress those magnetic poles
of the undesired polarization (homopolar traveling wave
only), so that only vortices of the desired spin direction are
induced, coupled, and transported into the HTS closed loop
during each period.

Figure 4 illustrates the mechanism for an HTS flux pump
based on macroscopic magnetic coupling. In the first step
[Fig. 4(a)], the homopolar traveling wave induces and
couples to a vortex cluster on the outer edge of the HTS
film. In the second step [Fig. 4(b)], as the magnetic pole
enters the HTS closed loop, the flux line bends between the
pole and the cluster, which increases the magnetic energy and
behaves as a coupling force F, and thus drags the cluster
across the HTS film. The coupling force F should be larger
than the pinning force Fp of the HTS film,F - > Fp. During
the process, an induced dc voltage should be present at the
terminals of the HTS film derived from

E=vxB

(2)
FIG. 4. Physical ex-
planation of the HTS
flux pump, based on
the discovered macro-
scopic magnetic cou-
pling. (a) vortex cluster
induced by the homopo-
lar traveling wave on the
outer side of the YBCO
film; (b) coupling force
F ¢ drags the vortex clus-
ter across the YBCO
film; (c) vortex cluster
enters the HTS closed
loop, annihilates near
the inner side of the
HTS film, thus becom-
ing trapped flux of the
HTS magnet.

cer

Step 1
Vortex cluster induced by the
homopolar traveling wave

Bac

Fe

Step 2
Coupling force Fc drags vortex cluster
across the YBCO film

No opposite vortex
cluster induced due to
dc biasing

Step 3
Vortex cluster annihilates inside the
closed loop, becoming trapped flux
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where E is the induced electric field along the longitudinal
direction, v the vortex traveling direction, and B.,.. is the flux
density of the cluster. Note that only the traveling vortices
induce an electric field in the HTS film.

In the third step [Fig. 4(c)], the cluster travels into the
HTS closed loop and is annihilated near the inner side of
the HTS film, thus forming trapped flux in the HTS
magnet. The increment in the amount of flux equals the
total flux of the coupled-vortex cluster, i.e.,n®,. As the ac
traveling wave is dc biased [Fig. 4(c)], the opposite
magnetic pole neither induces nor transports any opposite
vortex during propagation. Hence, during each period, a net
flux accumulates in the HTS closed loop. By repeating the
process (Fig. 4), the HTS magnet reaches its maximum
field capacity (hindered by the critical current /-~ and joint
resistance R;).

The foregoing discussion clearly explains the physical
origin of the HTS flux pump, based on the discovered
macroscopic magnetic coupling. To date, the HTS flux
pump has been widely accepted as being technically
possible [47-50], except its physical origin is difficult to
establish from classic superconducting electromagnetic
theories [51-56]. Based on the macroscopic magnetic
coupling, several predictions can be made for the HTS
flux pump. (1) A pure ac traveling wave does not induce
any trapped flux inside the HT'S magnet, as the transported
positive vortices (first half period) cancel the negative
vortices (second half period) during each period. (2) The
magnetization of the HTS magnet can be reversed by
reversing the dc bias field of the ac traveling wave; as the
polarization of the pole wave is reversed, then opposite
vortices are coupled and transported into the HTS closed
loop. (3) The magnetization of the HTS magnet can be
reversed by reversing the propagating direction of the ac
traveling wave, as trapped vortices in the HTS closed loop
are transported out. The above three predictions have been
experimentally proven by our latest HTS flux pump device
[57], which solidifies our explanation based on macro-
scopic magnetic coupling.

IV. CONCLUSIONS

In summary, we have found a macroscopic magnetic
coupling phenomenon in a superconducting YBa,Cu3;0;_;
thin film. The coupling is between clusters of coupled
vortices and the applied magnetic poles, each cluster
containing millions of vortices. The coupling energy
originates from the local-field inhomogeneity. To induce
an effective coupling, the applied wavelength must be
short enough, while the field amplitude must be strong.
Compared with other methods, this finding largely
increases the controlled vortex flow rate by several orders
of magnitude. This finding has clearly explained the
physical mechanism underlying the HTS flux pump, which
provides inspiration and physical support for a new branch
of wireless superconducting dc power sources, and tackles

the PCM challenge for HTS magnets. This discovery offers
opportunities over a wide range of applications such as in
MRI, NMR, wind turbine, fusion, particle accelerator, and
magnetically levitated trains, etc.
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