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Demagnetization of cubic Gd-Ba-Cu-O bulk
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3D modelling
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Abstract—Superconducting bulks, acting as high-field perma-
nent magnets, are promising for many applications. An important
effect in bulk permanent magnets is crossed-field demagnetiza-
tion, which can reduce the magnetic field in superconductors due
to relatively small transverse fields. Crossed-field demagnetiza-
tion has not been studied in sample shapes such as rectangular
prisms or cubes. This contribution presents a study based on both
3D numerical modelling and experiments. We study a cubic Gd-
Ba-Cu-O bulk superconductor sample of size 6 mm magnetized
by field cooling in an external field of around 1.3 T, which is
later submitted to crossed-field magnetic fields of up to 164 mT.
Modelling results agree with experiments, except at transverse
fields 50% or above of the initial trapped field. The current
paths present a strong 3D nature. For instance, at the mid-plane
perpendicular to the initial magnetizing field, the current density
in this direction changes smoothly from the critical magnitude,
Jc, at the lateral sides to zero at a certain penetration depth.
This indicates a rotation of the current density with magnitude
Jc, and hence force free effects like flux cutting are expected to
play a significant role.

I. INTRODUCTION

Superconducting bulks are promising for permanent mag-

nets. Bulks can trap higher magnetic field compared to fer-

romagnetic permanent magnets. However, they need to be

cooled down below a certain critical temperature, Tc. The

world record of the trapped field is 17.6 T at 26 K [1]. There

has been an important effort to develop such superconducting

bulks [2], [3]. An important problem of superconducting bulks

for many applications, such as motors, is demagnetization

caused by longitudinal or transverse applied magnetic fields.

Therefore, full 3D models are necessary which can reveal

all demagnetization properties or finite size effects, while 2D

cross-sectional models cannot. Superconducting cubic bulks

present a higher ratio of superconducting mass to the free
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space, compared to other systems, such as stacks or cables of

thin tapes. However, cubic samples are not solved, yet.

There are many 3D modelling methods for superconduc-

tors, such as Finite Element Methods, FEM, and variational

methods. There are several formulations of FEM like the H-

formulation [4], [5], [6], A− φ vector and scalar potential [7],

T− Ω current and magnetic formulation [8] or H formula-

tion with homology-cohomology [9]. A completely different

approach represents the variational methods. These also exist

in several formulations in 3D like those for H [10], [11],

mixed H and magnetic scalar potential ψ [12], and T effective

magnetization [13] (the latter also known as Minimum Electro-

Magnetic Entropy Production in 3D, MEMEP 3D). Another

practical formulation for 2D is the J formulation [14], [15]. All

FEM formulations and most varitional method formulations

require to solve the surrounding air around the sample, in

addition to the sample itself. Of all methods above, only

the variational methods in the T and J formulations avoid

spending degrees of freedom in the air.

There are several studies of cross-field demagnetization.

Those involve 2D FEM modelling using the H formulation

and experiments [16], [17], the study of hybrid (ferromag-

netic/superconducting) structures by 2D and 3D modelling and

experiments [18], and the comparison of numerical calculation

based on A and H formulation (FEM) with theory of Brandt

and Mikitik (thin strip) [19].

Usually grown samples are cylindrical pellets. This moti-

vated that all published works on 3D modelling and most

experimental works are for this shape. However, many applica-

tions require to cut the original pellets into other shapes, such

as rectangular prisms or cubes. At present, demagnetization by

cross-field of a cubic sample is not well known. In this article,

we study demagnetization of cubic bulks by experiment and

by 3D modelling based on MEMEP 3D and H formulation

FEM.

II. METHODOLOGY OF MEASUREMENTS

In this study we measured demagnetization of supercon-

ducting cubic bulks due to applied magnetic fields transverse

to the trapped field. A 10wt% Ag-containing GdBa2Cu3O7−δ

superconducting pellet was fabricated using the top-seeded

melt growth (TSMG) process [2]. The cubic sample was cut

down from a pellet with dimensions 6.08× 6.04× 5.98 mm.

We used the field-cool (FC) method, in order to magnetize

the sample, which requires lower applied magnetic field than
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Fig. 1: Sketch of Hall probe sensors and direction of the

applied fields, trapped field and ripples position relative to

the sample.

zero field-cool (ZFC) [20]. The FC method consists of the

following steps:

• The sample at room temperature, is inserted to the split

coil electromagnet, which is ramped up to 1.3 T during

10 s.

• The sample is cooled down by liquid nitrogen over 15

minutes.

• The magnetic field is ramped down in the electromagnet

over 100 s with rate 13 mT/s. The sample is magnetized

parallel to the c-axis.

After magnetization and a relaxation time of 900 s, we

continue with cross-field demagnetization as follows:

• We move the sample from the split coil electromagnet to

the transverse applied field coil with maximum applied

field Bax,max ∼200 mT.

• We apply ripples of the magnetic field, Bax, with dif-

ferent amplitudes, according to the trapped field Bt as

Bax = Bt/2, Bt/4, Bt/8 and frequencies 0.1 and 1 Hz.

Where Bt is trapped field measured 100 µm above the

top centre of the sample.

• We measure the demagnetization for another 10 minutes.

The waveform of the applied magnetic fields is shown in Fig.

5.

We used a lock-in amplifier to generate the AC signal

and measured the voltage across the 0.5 mOhm resistor. The

generated signal was amplified with two amplifiers to generate

an AC current, which was passed through the coil to generate

the AC field. The trapped field was measured by a Hall probe

array of 7 sensors Multi-7U [21] (Fig. 1). The Hall-probe array

covers only 3.5 mm of the sample, and hence measurements

only provide partial information on the trapped field profile.

The Hall probe array is at 100 µm above the sample surface.

III. MODELING

For both modelling methods, MEMEP and FEM, we use

the parameters listed in Table I. In the calculation we used the

isotropic E(J) power law with n-value 30,

E(J) = Ec

(

|J|

Jc

)n
J

|J|
, (1)

TABLE I: Input parameters for calculation

Size[mm] 6x6x6

Jc[A/m2] 2.6×10
8

Baz,max[T] 1.3

Ramp rate[mT/s] 13

Relaxation[s] 900

Ec[V/m] 1e-4

fax[Hz] 0.1,1

Bax[mT] 35,73,130

n[-] 30

being more realistic than the critical state model, and Ec is

the critical electric field and Jc is the critical current density.

The model assumes constant Jc.

A. MEMEP model

The model is based on the Minimum Electro-Magnetic

Entropy Production in 3D [13]. This is a variational method

with T formulation. We take the interpretation that the T

vector is the effective magnetization, and hence T outside the

sample is zero. Therefore, this method avoids discretization

and calculation of variables outside the sample. For each time

step, the minimum of that functional is unique. Moreover,

MEMEP can also take anisotropic E(J) relations into account,

such as those from force-free effects. The self-programmed

modelling tool is written in C++ with BoostMPI commands for

parallel computing on a computer cluster. Sector minimization

[13] was used to both speed up and parallelize the calculations.

B. FEM model

The finite element method is based on 3D H-formulation

[22], [6], [23], [20] implemented in Comsol Multiphysics 5.2a.

The H-formulation is derived from Faraday’s and Ampere’s

laws, and the nonlinear electrical resistivity of the supercon-

ductor is represented by the E(J) power law. Isothermal

conditions are assumed; hence, no thermal model is included.

IV. RESULTS AND DISCUSSION

A. Measurements

The 6 mm cubic sample was magnetized as described in

Section II. The trapped field Bt was 0.27 T. Demagnetization

was done by ripples along the X axis (Fig. 1) with frequency

0.1 and 1 Hz and amplitude Bax = Bt/2, Bt/4, Bt/8. The

trapped field at the centre of the top surface of the cube is

shown in Fig. 2. During demagnetization, there appear ripples

in the trapped field (Fig. 2), which are slightly frequency

dependent. The ripples increase with the transverse field

amplitude. These ripples also appear in the models, although

with lower amplitude. The dependences of the trapped field

on the number of demagnetizing cycles is on Fig. 3. The

demagnetization is increasing with ripple amplitudes. There

is a frequency dependence, of around 10%. Applied fields of

higher frequencies create higher induced electric fields in the

sample, causing higher current densities and lower penetration
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Fig. 2: Measured demagnetization of trapped field caused by

a sinusoidal transverse applied field Bax 6 mm sample at 0.1

Hz(top), and 6 mm sample at 1 Hz(bottom).
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Fig. 3: Measured dependence of trapped field on number

of cycles of ripples for the 6 mm sample with calculation

provided by MEMEP model. The figure is normalized by Bt0,

which is the trapped field at the end of the relaxation time.

depths [24]–[27]; and thence decreasing demagnetization per

cycle.

There is phase shift (180◦) of trapped field for all mea-

surements between the leftmost (1st) and rightmost (7th) Hall

probe sensors. The most significant case is shown in Fig.

4. The oscillations and phase shift come from the applied

field ripples Bax. Both Jy and Jz caused by the applied

ripples change their sign after each half-cycle (Fig. 7), causing

opposite contribution to the measured field.

B. Modeling

The calculated trapped field Bt at the centre of the plane 100

µm above the sample and the average magnetization inside the

sample during the entire demagnetization process is shown in
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Fig. 4: Hall-probe measurements of the 6 mm sample for ripple

frequency of 0.1 Hz Bt=0.27 T and Bax=130 mT.
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Fig. 5: Calculated magnetization of 6 mm wide sample. (a) The

wave-form of applied fields, under triangular magnetizing field

Baz with peak 1.3 T and ramp rate 13 mT/s and sinusoidal

ripples of frequency 0.1 Hz and Bax,max=130 mT.

Fig. 5 (and Fig. 6 and 8). We choose Jc such that the calculated

trapped field at the end of relaxation, of value Bt=0.3 T,

corresponds to the measured one, being Jc = 2.6×108 A/m2.

The usual peak of the trapped field profile after relaxation is

on Fig. 6, curve at 1000 s. The sample is fully saturated, what

confirmed the components of current density Jx, Jy, Jz at the

mid-planes perpendicular to each component, Fig. 7(a),(d),(g).

As a result of full saturation, the Jz component is almost zero

[Fig. 7(g)].
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Fig. 7: 3D penetration of the current density to the cube,

Jx, Jy, Jz component of the current density cross-section at

the middle of the cube x=3 mm, y=3 mm, z=3 mm (a,d,g)

after 15 minutes relaxation (b,e,h) at first positive peak of

ripple field 130 mT (c,f,i) at last positive peak (10th cycle).
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Fig. 9: Comparison of Jy component at the mid plane at 1st

positive peak at 1002.5 s of both methods: MEMEP (left) FEM

(right).

Next, we applied ripples parallel to the x axis, which

demagnetized the sample and caused a decrease in the trapped

field (Fig. 5). Already at the first cycle of the ripple, there

appeared asymmetry of the trapped field (Fig. 6) between the

first positive and the first negative peak of ripple. Both methods

showed good agreement. However, there are small inaccuracies

due to the linear (first-order) elements and coarse mesh used

in FEM model.

The explanation of the asymmetry is in the shape of the cur-

rent path. The screening current from the ripples changed the

Jy component into S-shape current fronts [Fig. 7(e)], as it was

explained in [19] by 2D computations. Jx close to the edges

[Fig. 7(b)] is erased by Jz [Fig. 7(h)] and both components

present smooth current fronts. There is a difference of Jx, Jy
components between the first [Fig. 7(b),(e)] and the last [Fig.

7(c),(f)] cycle of ripples at the same instantaneous Bax. The

current density induced from Ba,z decreases to a value below

Jc due to relaxation, which accounts for a small portion of the

reduction of trapped field. The Jx and Jz components [Fig.

7(c) and 7(i)] present a sharp current front to zero.

Next, we compare measurements, MEMEP and FEM (see

Fig. 8). The models are with small deviance due to inaccu-

racies in the central trapped field after relaxation in FEM.

For low amplitudes of ripples Bax/Bt = 1/8, 1/4, we reach

a nice agreement with measurements, but for higher fields like

Bax/Bt = 1/2 the discrepancy increased. The models show

steeper decrease of the trapped field during the first cycles,

but for the following, calculations follow the measurements.

Comparing demagnetization between 0.1 and 1 Hz for the

same number of cycles (Fig. 3), calculations show the same

qualitative behaviour as measurements, confirming that the

cause of frequency dependence is the finite power-law expo-

nent. We compared as well Jy component of current density

profile between models (Fig. 9), which agree very well and

confirm the same behaviour of the models.

V. CONCLUSION

This article analyzed the demagnetization of GdBCO cubic

bulks by transverse AC fields. The trapped field of a 6 mm

sample was measured and calculated by two numerical meth-

ods, MEMEP 3D and FEM. The measurements confirm the

asymmetry of the trapped field during the ripples with different

amplitudes. The asymmetry comes from the 3D current paths

inside the sample, which we explained by 3D model based

on the MEMEP 3D variational method. The model showed

reduction of |J| below Jc in the places where ripples did not

rewrite the previous state of current density. We saw as well

sharp current fronts of current density after 10 cycles of ripples

from positive to negative value of J . Both models agree to

each other. These models also agree with the measurements

for low transverse fields, in spite of the simplification in

the assumed superconductors properties (constant isotropic Jc
and n-factor). Taking more realistic n-value, magnetic-field

dependence Jc and anisotropy into account will provide better

agreement also at high ripple transverse fields. The MEMEP

3D and FEM 3D models are useful tools to reveal all finite

size effects of any model case and help explain 3D current

path.
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