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Interaction modes of magnetized HTSC tapes stacks
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On the basis of the critical state model, the interaction force of a pair of magnetic lines, which are sets of
magnetized stacks of second-generation HTSC tapes, is calculated. The modes of magnetization of interacting
rulers by an external magnetic field and the origin of the magnetization reversal of the stacks of tapes during
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of the rulers is determined depending on the distance between them and the number of the cycle.
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1. Introduction

Sources of a spatially nonuniform magnetic field are being
improved constantly, since they have various engineering
applications (see, e.g., the review in [1] and references
therein and papers [2-8]). A combination of magnets
producing a nonuniform magnetic field [2-8] is one of
the basic elements of various contactless magnetic-levitation
devices (transport, frictionless bearings, etc.). Sources of
magnetic fields with high flux densities and significant
field gradients are needed to construct magnetic-levitation
systems. The gradient configuration of a magnetic field
is often produced by a set of heteropolar permanent
magnets. The remanent flux density of modern permanent
magnets, which is within 0.5T for commonly used NdFeB
magnets, is one of the factors limiting the applicability of
this approach. A stronger constant field with its gradient
remaining high may be produced with the use of trapped-
flux magnets based on superconductors. Magnetized in
a strong magnetic field, such structures are capable of
trapping and storing immensely intense magnetic fields.
Specifically, bulk HTSCs can trap magnetic fields of 17.6 T
at low temperatures [9,10], while stacks of HTSC tapes
trap fields of 17.7T [11]. The remanent magnetization of
HTSCs is associated with the pinning effect. Magnetized
HTSCs trap the magnetic flux in the form of Abrikosov
vortices and have the capacity to maintain a high magnetic
flux density (exceeding the one of permanent magnets)
for a long time on their surfaces [9-11]. An HTSC field
source has an advantage in this capacity to produce a high-
intensity magnetic field, but it also has several drawbacks.
Specifically, an insufficiently cooled magnetized supercon-
ductor is prone to thermodynamic instability [12,13] that
may result in loss of the remanent magnetic moment. In
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addition, the remanent HTSC magnetization in systems
based on it may degrade both with time (due to flux
creep) [14] and under the influence of external variable
magnetic fields [15]. However, the use of superconducting
magnets is undeniably advantageous due to a manyfold
increase in the field magnitude. A comparative analysis
of the efficiency of levitation systems with a nonuniform
magnetic field produced by permanent NdFeB magnets and
stacks of GdBaCuO HTSC tapes was performed in [16].
It was demonstrated that the use of superconductors is
advantageous in terms of the lift force of levitation systems
with a gradient magnetic field source if the characteristic
size of a field nonuniformity is greater than 38 mm at liquid
nitrogen temperature (or 6 mm at liquid neon temperature).
If the field nonuniformity is smaller in size, systems based
on permanent magnets are more efficient. The present study
is also focused on a system where a permanent magnet is
replaced by a magnetized stack of HTSC tapes. At the same
time, the effects of remagnetization of superconductors
may introduce certain corrections relevant to further use
of trapped-flux magnets in real-life levitation systems. The
processes of remagnetization of the gradient magnetic field
source were not examined in [16] (this approximation is
valid if the interaction between different parts of a levitation
system is relatively weak). The present paper is the first
to consider the general case (i.e., investigate the processes
of remagnetization of superconducting parts of a magnetic
levitation suspension under cyclic load).

We study nonuniform configurations of currents of HTSC
tapes that comprise the levitation system. Nonuniform
states of magnetic tapes of various types are examined
within different approaches in accordance with the scale
of nonuniformity. The density-functional theory calculation
method may be used at the atomic level [17]. The
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nonuniformity due to the microscopic grain structure may
induce uncommon physical effects such as the emergence
of phase transitions in current (similar to those observed
in granular YBa;Cu3O7_yx superconductors [18]). The
influence of granulation of the HTSC structure on the
hysteretic nature of magnetoresistance was demonstrated
experimentally in [19,20]. The size range of nonuniformities
typical of levitation applications lies above several millime-
ters. This is the characteristic size of nonuniformities of the
magnetic field and currents that is examined in the present
study.

2. Problem formulation

Let us consider a system comprising two parallel stacks
of HTSC tapes (i.e., a magnetic suspension). The projection
of the HTSC suspension on plane (X, Z) is shown in
Fig. 1. The upper part of the superconducting suspension
is fixed, while the lower part moves in the vertical direction
with coordinate Z(t), where t is time. At the initial time
t = 0, both parts are unmagnetized. External magnetic field
Bexi(t), which is spatially uniform and varies in time, is
used to magnetize both parts of the suspension. The only
nonzero normal component of this field is Bz(t) = Bmaxt
at 0 <t <ty Bz(t) = Bmax(Z —t) at tp <t <2ty, and
Bz(t) =0 at 2ty <t. Just as in [16,21,22], an HTSC tape
with superconducting GdBaCuO on a substrate made of
a nickel-chrome-molybdenum alloy with protective layers
of copper and silver was used as the superconducting
base. The total thickness of the HTSC tape is 0.1 mm, and
superconducting layer thickness d = 1.5um. The HTSC
tape width is a = 12mm. Magnetization is performed
adiabatically slowly; i.e., the value of characteristic magneti-
zation time t; is chosen so that the residual currents induced
in superconducting stacks are independent of it. Magnitude
Bmax needed to achieve the maximum magnetization of the
sample depended on number N; of individual tapes in the
stack. Two values of Nj = 1 and 20 and the corresponding
Bmax =1 and 5T were chosen for calculations. The
maximum value of Nj = 20 was chosen based on the data
from [16], where the need to limit the thickness of stacks of
HTSC tapes for levitation applications was demonstrated. It
does indeed follow from the results of [16] that the magnetic
field above a periodic HTSC line with a thickness equal to
half a period (6 mm for tapes with a width of 12mm) is
almost the same as the magnetic field of an HTSC stack
of an infinite thickness. Following this line of reasoning,
we limited ourselves to comparing stacks containing 1 and
20tapes (the corresponding stack thicknesses are 0.1 and
2mm). A further increase in the stack height was assumed
to be inefficient. The following form of time dependence
Z(t) of the distance between the upper and the lower
suspension parts was chosen: Z(t) =a at 0 <t < 2ty and
Z(t)=a[l+ g+ (1 —q)cos(2m(t/ty — 2))]/2 at 2ty <t.
This form of dependence Z(t) appears to be the simplest
and the most fitting in the case when both the initial
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Figure 1. Structure of the magnetic suspension. [/ and 2 are
the stacks of HTSC tapes of the upper and the lower suspension
parts, respectively. Each stack is isolated from the neighboring
one, has width a, and consists of N; individual tapes positioned
one above the other in the Z direction. The length of the stack in
the direction of axis Y is assumed to be Indefinite. The structure is
assumed to be periodic in the direction of axis X (the period is a).
Current density jy induced by an external magnetic field in the
upper and the lower suspension parts is represented schematically
by the dashed line. Bold arrows on the right denote the directions
of magnetization of stacks of the upper and the lower suspension
parts.

magnetization and subsequent oscillations need to be char-
acterized simultaneously. Parameter ¢ defines the amplitude
of oscillations and sets the distance of closest approach
for the layers. The interplanar distance remains unchanged
within the first time interval t < 2t that corresponds to the
magnetization stage. The external field is nonzero within
this interval. When it comes to an end, the field becomes
zero and the interplanar distance starts oscillating. The
values of g = 0.1, 0.05, and 0.02 were used in subsequent
calculations. The oscillatory nature of variation of the
distance between the upper and the lower suspension parts
allows one to examine the transient processes of suspension
operation under variable vertical loads and determine the
steady-state mode under such oscillations of height Z(t).

The induction, Biot-Savart [23], and Ohm’s laws, which
govern supercurrents, are written as

oB
ﬁ——VXE,

BR) = Bou) + 42 [ 102 g — (i
0

Symbols B, E, and j denote the magnetic-field vector, the
electric-field vector, and the vector density of induced
supercurrents, respectively. Sis the region of supercurrents,
and o and p(Jj|) are the magnetic constant and the



164

A.l. Podlivaev, |.A. Rudnev

3k a
T B
l' |
it | |
< 2k | (| |
: TR B
o ‘l 0 Iy
;, o ] i
5 |
5
c—i 1 -
0 L L L L J . k L
0 1 2 3 4

1/t

Pressure, 10° Pa
[\]
T

Pressure, 10° Pa
)

1t

Figure 2. Time dependence of the pressure exerted by the upper magnetic suspension part on the lower one. The magnetization stage
and the first three periods of approach of the upper part to the lower one, N = 1 (a). The magnetization stage and the first six periods
of approach of the upper part to the lower one, N = 20 (b). The first three periods, Ni = 20 (c). Bold solid curve: q = 0.1; dashed curve

of an average thickness: g = 0.05; thin dashed curve: g = 0.02.

specific resistance of the superconductor that was defined,
following [16,22], as

0, il < jc(B),
pollil — jc(B)]z’ je(B) < jl,

jc(B) = Arexp(—[B|/B1) + Acexp(—|B|/B2).  (2)

The following values correspond to the volumetric critical
density of supercurrent in GdBaCuO at liquid nitrogen tem-
perature: A; = 2.3665 - 108 A/m?, Ay = 1.7884 - 10% A/m?,
B1=0.1175T, and B, = 1.2238T [18]. A detailed descrip-
tion of Egs. (1), (2) and an algorithm for solving the above
problem numerically were presented in [24]. In view of

p(j,B)—{

their cumbersomeness, they are not discussed here. Two-
dimensional density of supercurrents J is expressed in A/m
and is related to volumetric density j in the following way:
J = jd. The Ampére’s circuital law defined the force with
which the field density of the lower suspension part acted
on supercurrents in the upper part.

3. Reslults

Figure 2 presents the time dependence of the force
of interaction between two suspension parts normalized
to a unit surface for the suspension formed by HTSC
tape stacks with N =1 and 20. With the chosen Z(t)
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Figure 3. Dependence of the pressure exerted on the lower magnetic suspension part by the upper one on the distance between them.
The number of tapes in a stack is Ny =1 (a), Ni = 20 (). Six periods of approach of the upper part to the lower one are presented.
Bold solid curve: g = 0.1; dashed curve of an average thickness: g = 0.05; thin dashed curve: g = 0.02. / — sections of the dependence
corresponding to time interval 2 <t/ty < 2.5 (the first approach of the upper suspension part to the lower one); 2 — sections of the
dependence corresponding to time interval 2.5 < t/ty < 8 (steady-state oscillation mode).
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Figure 4. Two-dimensional current density Jv(X) (A/m) in the lower part of the suspension consisting of a single (Nj = 1) tape (a)
and average two-dimensional current density Jy(X) per a single tape in a stack of 20tapes (N; = 20) (b). Bold dashed curve: density
after magnetization before the first approach of the upper suspension part to the lower one (t/to = 2). Bold solid curve: q = 0.1; dashed
curve: g = 0.05; dash-and-dot curve: g = 0.02 at the end time point t/ty = 8 after six oscillations. Thin vertical dashed lines denote the

boundaries of tape stacks.

dependence, the maximum distance between the suspension
parts is 12mm. The value of Z(t) is maximized at
0<t/th <2and at t/tg =3,4,5,... It can be seen from
Fig. 2 that the magnetic interaction is almost zero at the
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maximum separation. The force of repulsion between the
two parts reaches its maximum when the Z(t) distance is
minimized at time points t/ty = 2.5, 3.5, 4.5,5.5, .... The
large-scale plot for Nj = 20 in Fig. 2,c demonstrates that
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the first peak (for all values of q) differs in shape from the
subsequent peaks, which are all congruent. Figure 3 presents
the time dependence of the force of interaction between two
suspension parts within time interval 2 <t/ty < 8 on the
distance between them. It is evident that the curves within
time interval 2 <t/ty < 2.5 (these sections are denoted
with number 7 in Fig. 3) in each type of suspension differ
in shape from the curves within 2.5 <t/ty < 8 (denoted
with number 2) where the motion is strictly periodic.
The trajectory of periodic motion of a one-dimensional
body with friction plotted in force—displacement coordinates
assumes the shape of a hysteretic curve. The area
under this curve is equal to the energy dissipated due
to friction forces within a single cycle. Judging by the
shape of curves in Fig. 3, energy dissipation is observed
only within the 2 <t/ty <2.5 interval. This dissipation
is attributable to the release of energy associated with the
detachment of the system of Abrikosov vortices from HTSC
pinning centers. Hysteresis is not observed within the
2.5 <t/ty < 8 interval; ie., energy dissipation is lacking,
and the magnetic suspension is an ideal nonlinear spring.
The stiffness of this spring depends on the oscillation
amplitude and increases significantly as the suspension
parts move closer to each other. The mutual pressure of
suspension parts also increases in this case and may reach
3100Pa for the single-layer suspension, while the peak
repulsive pressure in the multilayer suspension (N; = 20) is
400000 Pa (~ 4 atmospheres). If the critical current was not
suppressed by the magnetic field (see expression (2)), the
dependence of the peak repulsive pressure would be strictly
quadratic, since this quantity depends on the product of
current densities of one suspension part and the normal
component of the magnetic field produced by the other
part. The ratio of forces in the multilayer and single-layer
suspensions would then be equal to (N;)?> =400. The
suppression of the critical current by the magnetic field
reduces this ratio to 400000/3100 = 129. The mutual
influence of currents of two suspension parts via the
magnetic field is illustrated in Fig. 4 that presents the
distributions of two-dimensional supercurrent density Jy(X)
after magnetization (but before the first approach of one
suspension part to the other one) and after subjecting
the suspension parts to six approach-recession cycles. It
follows from the comparison of Figs. 4, a, b that the density
of currents in each individual tape of the multilayer stack
(N, = 20) is significantly lower than the corresponding
value in the single-layer stack (as was expected, the current
density is maximized at X = 4+a/2, and its maximum value
is ~ 40000 F/m in the single-layer suspension and as high
as ~ 20000 A/m in the multilayer suspension). The process
of demagnetization is, in general, more extensive in the
single-layer stack. This is evidenced, e.g, by the fact
that the central peak of current density (at X = +a/2,
Fig. 4,b) is preserved well in the multilayer stack after
oscillations with parameter g = 0.1, while the same peak
in the single-layer stack vanishes almost completely. Prior
to the onset of oscillations, the critical current density
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Figure 5. Normal component of the field density above the
suspension surface in case of the maximum separation between
the suspension parts. Bold dashed curve: distribution after
magnetization before the first approach of the upper suspension
part to the lower one (t/to = 2). Bold solid curve: q = 0.1; dashed
curve: q = 0.05; dash-and-dot curve: q = 0.02 at the end time
point t/ty = 8 after six oscillations.

decreases most significantly near the tape edges where the
internal magnetic field of the stack is maximized (see Fig. 5
that presents the dependence of normal component Bz(X)
of the field density on the multilayer suspension surface
in case of the maximum separation between the upper
and the lower suspension parts). Figure 5 also shows
that the peak field density values are significantly higher
than the value of §; = 0.1175T, which characterizes the
suppression of the critical current density by the magnetic
field in two-exponential approximation (2), even in case
of the maximum demagnetization (q = 0.02, dash-and-sot
curve). This is the reason why the supercurrent density is
highly nonuniform in both parts of the suspension.

4. Conclusion

A fundamentally new design of a levitation suspension
based on stacks of superconducting tapes made without the
use of traditional ferromagnetic materials was presented.
Theoretical calculations revealed the existence of viable
conservative suspension operation modes with no energy
dissipation, which is invariably accompanied by heating of
superconductors, in the proposed system. In the case of
multiple oscillations, the conservative mode was found to
be established within a single oscillation (the first one).
It was demonstrated that the lift force of the suspension
increases by a factor of ~ 130 as the number of tapes
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in superconducting parts of the suspension varies from 1
to 20. If the number of tapes increases further, no significant
changes in the lift force are observed, since the supercurrent
in suspension parts is suppressed by the internal magnetic
field. The obtained theoretical data have a certain predictive
power: the distribution of the magnetic field on the surface
of suspension parts may be measured experimentally using
the methods of Hall magnetometry. It is also not without
interest to determine the change in levitation force and
the power dissipation occurring when suspension parts are
displaced transversely relative to each other.
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