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Abstract 
 
Due to their ability to trap large magnetic inductions, superconducting bulk materials can be 
used as powerful permanent magnets. The permanent magnetization of such materials, 
however, can be significantly affected by the application of several cycles of a transverse 
variable magnetic field. In this work, we study, at T = 77 K, the long term influence of 
transverse ac magnetic fields of small amplitudes (i.e. much smaller than the full penetration 
field) on the axial magnetization of a bulk single grain superconducting GdBCO pellet over a 
wide range of low frequencies (1 mHz – 20 Hz). Thermocouples are placed against the pellet 
surface to probe possible self-heating of the material during the experiments. A high 
sensitivity cryogenic Hall probe is placed close to the surface to record the local magnetic 
induction normal to the surface. 
The results show first that, for a given number of applied triangular transverse cycles, higher 
values of dBapp/dt induce smaller magnetization decays. An important feature of practical 
interest is that, after a very large number of cycles which cause the loss of a substantial 
amount of magnetization (depending on the amplitude and the frequency of the field), the rate 
of the magnetization decay goes back to its initial value, corresponding to the relaxation of the 
superconducting currents due to flux creep only. In the amplitude and frequency range 
investigated, the thermocouples measurements and a 2D magneto-thermal modelling show no 
evidence of sufficient self-heating to affect the magnetization so that the effect of the 
transverse magnetic field cycles on the trapped magnetic moment is only attributed to a 
redistribution of superconducting currents in the volume of the sample and not to a thermal 
effect. 
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1. Introduction 
 
Nowadays, powerful permanent magnets can be made of bulk (RE)BCO materials (where RE 
stands for rare-earth ion) thanks to their ability to trap large magnetic inductions [1-5]. A 
major issue is to ensure the stability of their permanent magnetization in real application 
environments. Both theoretical and experimental works have shown that the magnetization of 
such bulk superconductors can be reduced irreversibly when they are subjected to ac magnetic 
fields. Two opposite situations can be distinguished: the ac field is either parallel or 
orthogonal to the magnetic moment. In the parallel configuration, the magnetization decay is 
well understood and explained by the critical current density reduction caused by the self-
heating of the sample due to ac-losses [6-20]. The situation is more intricate when the field is 
applied transversally to the remnant magnetization [21-42].  
This effect, called either “abnormal transverse magnetic field effect”, “collapse of the static 
magnetization” or “crossed-field demagnetisation” was observed on low-Tc wires [21,28,43], 
bulk (RE)BCO materials [22,25,28,33,34,40], MgB2 [44] and recently on stacks of 2G tapes 
[45]. Up to now, however, the exact processes of the magnetization decay in the case of a 
crossed field configuration are not completely identified. The decay can be due to a 
redistribution of the superconducting currents in the volume of the superconductor with 
maybe flux cutting processes but, as it is the case for the axial configuration, a part of this 
decay might be also due to self-heating of the material subjected to the ac excitation 
depending on the amplitude and the frequency of the applied transverse magnetic field. 
Previous experimental and 2D modelling studies [22] have shown that the magnetization 
decay of superconducting samples subjected to slowly varying transverse magnetic fields of 
large amplitude is mainly attributed to the modification of the current distribution inside the 
superconductor and follows a power law as a function of time. In particular, no saturation of 
this decay was observed after one hundred of cycles of transverse magnetic field. In another 
study, the suppression of the magnetic moment is shown to be almost independent of the 
frequency [23] and the trapped field decay can be reproduced qualitatively by calculations 
based on an isothermal critical state model without any magneto-thermal effects. 
The common point of the investigations mentioned above is that they refer usually to a 
relatively “low” number of transverse ac cycles (typically up to 100-1000) with a “large” 
amplitude (typically from 0.1 Hp to several times Hp, where Hp denotes the full-penetration 
field). In applications such as magnetic bearings and brushless ac machines [46-52], however, 
the transverse fields of small amplitude are applied repeatedly for a long time. This is 
precisely the regime studied in the present work. An axially magnetized bulk GdBa2Cu3O7 
(GdBCO) pellet at liquid nitrogen temperature is subjected to a transverse ac magnetic field of 
small amplitude (typically 5% to 20% Hp) applied for several hours, which corresponds 
typically to up to 200,000 cycles. The waveform of the parasitic ac field is either sinusoidal or 
triangular, the latter corresponding to a constant variation of the applied magnetic induction, 
|dBapp/dt|. We investigate a wide range of low frequencies (1 mHz – 20 Hz) in comparison to 
what occurs in pulsed field magnetization process involving dBapp/dt of several hundreds of 
T/s [53,54].  
 
 
2. Material and methods 
 
The studied sample is a cylindrical bulk single grain GdBa2Cu3O7 (GdBCO) pellet from 
Nippon Steel & Sumitomo Metal Corporation. The dimensions of the sample are 10 mm in 
height and 15 mm in diameter.  
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Prior to crossed field experiments, the sample is first characterized experimentally as follows: 
After being magnetized under 670 mT in « field cooled » conditions, the trapped magnetic 
induction is measured by Hall probe mapping at z = 500 µm above the sample surface after 15 
min, i.e. after the strongest magnetic relaxation effects have taken place [55]. Using such 
experimental conditions, the sample is nearly fully penetrated (the central area is flatter than 
expected for a fully penetrated sample) and the magnetic induction at the centre of the top 
surface equals 450 mT at the contact and is reduced to 380 mT at z = 500 µm as can be seen 
on the measurement results shown in Fig. 1. 
 
The set-up for the crossed fields experiments consists of (i) an air coil fed by an ac current 
provided by a KEPCO programmable bipolar power supply controlled by current or voltage 
(50 V, 20 A, 1 mHz – 400 Hz), (ii) a PVC sample holder to avoid any eddy current and any 
motion due to the strong magnetic torque that can be induced in the experiments, (iii) a high 
sensitivity cryogenic Hall probe (Arepoc) placed close to the surface of the GdBCO pellet to 
measure the local magnetic induction normal to the surface and (iv) two type-T 
thermocouples placed on the lateral surface at the corner (tc1) and in the median plane (tc2) of 
the pellet (as figured in Fig. 2) to probe possible self-heating of the material during the 
experiments. Each thermocouple was glued with a droplet of General Electric varnish (GE 
7031), having a thermal conductivity of 0.22 W/mK at 77 K (which is much lower in 
comparison to the thermal conductivity of the bulk which is roughly 10 W/mK). The 
thermocouple junction was pressed against the sample surface and insulated from the liquid 
nitrogen thanks to a layer of varnish, therefore the high convective heat transfer coefficient 
with the liquid nitrogen was not prevailing in comparison to the conductive heat transfer with 
the pellet in the value of the thermocouple temperature. The sensor setup and signal waveform 
are represented in Fig. 2. Note that, for some experiments at the highest frequency 
investigated (i.e. at 20 Hz), the ac magnetic field is provided by a multifunction synthesizer 
(HP 8904A) followed by a 2 kW audio amplifier (Crown XTi 2000). 
 
The three procedures (labelled “a”, “b” or “c”) that are used for crossed field experiments are 
sketched in Fig. 2. The GdBCO sample is magnetized under 670 mT under field cooled 
conditions (FC). In what follows, “t = 0” is defined as the time at which the magnetizing field 
is switched off. For all measurements presented in this work, the trapped magnetic induction 
at the centre of the GdBCO pellet is recorded, starting after 300 s (5 min), for a duration of 
1800 s (30 min) to provide experimental data for the natural decrease of trapped field due to 
flux creep relaxation. A transverse time-varying magnetic field is then applied at t = 2100 s 
for a given time. In procedure (a), only one cycle is applied, while in procedures (b) and (c), a 
large number of bipolar cycles are applied, with either sinusoidal (b) or triangular (c) 
waveforms. 
 
 
3. Theory/calculation 
 
Assuming that the electric field E varies with the current density as a power law:  
 
     )/(    )( cc

nJJEJE  ,      (1) 

 
where n is the critical exponent (Zeldov model), the decay of the superconducting current 
(and therefore of the remnant induction) reads:  
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In the literature, this decay law is sometimes approximated by a power law given by:  
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We call “natural relaxation” of the superconducting currents (or the trapped field by 
extension), the decay of the superconducting currents due to the flux creep process described 
by Eq. (2). This natural relaxation is to be contrasted with the decay of the superconducting 
currents (or the trapped field) due to an external cause like, in the case of this paper, the 
application of a transverse ac magnetic field. In this work, we use Eq. (2) to extrapolate the 
natural relaxation of the trapped field using only the data recorded between t = 300 s and t = 
2100 s where no external magnetic field is applied. In order to check the validity of the 
logarithmic law for larger times, several measurements of the trapped field decay were carried 
out for several hours without external magnetic field. These measurements were compared to 
the extrapolated values obtained from Eq. (2) which was fitted to experimental data only 
between t = 300 s and t = 2100 s. The discrepancy between experimental measurements and 
extrapolated values was found to be less than 1%. 
 
Numerical modelling is carried out with an open-source finite element solver (GetDP) 
developed in the Applied and Computational Electromagnetics research unit of the University 
of Liège. A complete description can be found in [56-58]. The model is based on an isotropic 
E(J) power law (cf. Eq. (1)) and a Jc(B) relationship described by Kim’s law : 
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It is solved in 3D with an H- formulation. We emphasize, however, that this model neglects 
effects related to potential longitudinal currents and for which the used constitutive equations 
may no longer be valid. Therefore, care should be taken in interpreting the 3D results.  
 
In order to discuss the thermal behaviour of the superconducting pellet, we have first to 
calculate the Biot number which is the dimensionless number comparing the convective and 
the conductive heat transfer of a material in a given environment. The Biot number is defined 
by Bi = U*Lc/k where U is the convective heat transfer coefficient, Lc is a characteristic length 
of the pellet (here the half-height, i.e. 5 mm) and k is the thermal conductivity, assumed to be 
isotropic. In reality, the thermal conductivity is also anisotropic due to the layered structure of 
the REBCO materials. According to several references in the literature, the thermal 
conductivity along the c-axis ranges between 2 and 10 W/mK while the values reported for 
the thermal conductivity in the ab-planes is between 10 and 20 W/mK [10, 59-61]. On the 
other hand, the convective heat transfer coefficient values depends strongly on the 
experimental conditions and on the temperature gradient between the coolant and the 
superconductor. In low pressure cryogenic gas or in vacuum, the convective heat transfer 
coefficient is small, as an example a value of 1.94 W/m²K is reported in [62] while when in 
cryogenics fluids, it can be several orders of magnitude larger. In addition, in liquids, several 



Author Postprint of the paper published in  Physica C 512 (2015) 42–53 
The Publisher version can be found at the following doi:10.1016/j.physc.2015.03.005  
 
heat draining regimes exist (free convection, nucleate boiling, transition boiling and film 
boiling) which correspond to several overall convective heat transfer coefficients [64]. In the 
case of liquid nitrogen, the convective heat transfer coefficient equals 2000 W/m²K for small 
temperature differences between the coolant and the superconductor and it can increase to 
values of 13000 W/m²K for larger temperature differences [10, 63-64].  
 
Considering the values of k and U found in the literature, the lowest Biot number for the 
sample studied in our paper is equal to 0.5 for k = 20 W/mK and U = 2000 W/m²K and the 
highest Biot number equals 32.5 for k = 2 W/mK and U = 13000 W/m²K. Therefore, we have 
decided to carry out 2D magneto-thermal modelling with various thermal parameters to 
calculate the temperature distribution inside the superconducting pellet to estimate its effect 
on the demagnetization of the superconducting pellet.  
 
The model is based on the Brandt algorithm on an infinite bar first magnetized along the y-
direction (representing the c-axis of the sample) and subsequently subjected to an AC 
magnetic field in the x-direction. The constitutive laws used in the model are an E(J) power 
law with a creep exponent n and a field and temperature dependent Jc by using a Kim law 
whose both parameters, Jc0 and B0 are linearly temperature dependent. Unfortunately this 
model does not allow to consider anisotropic Jc. The thermal behaviour is taken into account 
in the modelling by considering the – isotropic or anisotropic – thermal conductivity of the 
sample and the convective heat transfer coefficient between the sample and the liquid 
nitrogen. These parameters control the dissipation of the heat generated inside the 
superconductor during the application of the transverse AC magnetic field. All the 2D 
magneto-thermal modelling results are obtained in the case of an AC magnetic field of 50 mT 
applied at 20 Hz, which corresponds to the strongest amplitude and highest frequency studied 
experimentally in our paper.  
 
4. Results 
 
In all experiments presented in this paper, the GdBCO pellet is axially magnetized under 670 
mT (in field cooling conditions) and the maximum trapped magnetic induction measured at 
0.5 mm from the surface (after 15 min) is found to be 450 mT. The axial full penetration field 
was measured to be µ0Hp = 1.15 T at 77 K. 
 
4.1. Influence of the sweep rate on the decay of the trapped field 
 
The first experiment is carried out as follows: at t = 2100 s after the end of the axial 
magnetization process (cf. Fig. 2(a)), a transverse magnetic field pulse of triangular waveform 
is applied in order to carry out measurements at given |dBapp/dt|. The maximal amplitude of 
the triangular pulse of the applied magnetic field is 56.25 mT (which is of the order of 
magnitude of 10 % of the trapped magnetic field). The durations of this transverse pulse are 
500 s, 50 s, 5 s, and 0.5 s corresponding to dBapp/dt of 0.225 mT/s, 2.25 mT/s, 22.5 mT/s and 
225 mT/s respectively. The measurements are recorded for 15 min and are presented in Fig. 
3(a). On this figure, we plot an additional curve (white circles) showing the trapped field 
decay (“natural relaxation”) expected without any transverse ac magnetic field. This curve is 
extrapolated from the measurements carried out before the application of the magnetic field 
(i.e. between t = 300 s and t = 2100 s) by using Eq. (2). 
  
After one triangular pulse, the trapped magnetic induction is reduced by 4.3 %, 2.8 %, 1.8 % 
and 1.2 % respectively for |dBapp/dt| of 0.225 mT/s, 2.25 mT/s, 22.5 mT/s and 225 mT/s. After 



Author Postprint of the paper published in  Physica C 512 (2015) 42–53 
The Publisher version can be found at the following doi:10.1016/j.physc.2015.03.005  
 
this decay and when no transverse ac magnetic field is further applied, the decay rate is 
measured to be several times less than the natural relaxation decay rate.  
The results of a full 3D FEM model of these experiments, using an E(J) power law (Eq. (1)) 
and field-dependent Jc (Eq. (4)), is shown in Fig. 3(b). The superconducting parameters (n and 
Jc(B)) used are those obtained by fitting on experimental hysteresis loop measured at T = 77 K 
using a Physical Property Measurement System from Quantum Design (PPMS). The 
procedure yields n = 37, Jc0 = 4.21 108 A/m2 and B0 = 0.88 T, for Ec = 10-4 V/m. 
Qualitatively, the modelled decay of the trapped magnetic induction shown in Fig. 3(b) is in 
excellent agreement with the experimental results shown in Fig. 3(a). The numerical values, 
however, are smaller than the results obtained experimentally, i.e. decays of 3 %, 2.2 %, 
1.6 % and 1.3 % respectively for |dBapp/dt| of 0.225 mT/s, 2.25 mT/s, 22.5 mT/s and 225 mT/s. 
 
Because of the small amplitude of the transverse cycle compared to the full penetration field, 
the penetration of the transverse magnetic field is limited to a thin layer at the periphery of the 
sample. Therefore we can assume that a zone exists inside the volume of the sample where the 
azimuthal superconducting currents, that were induced during the axial magnetization process, 
are unaffected by the transverse field. The 3D FEM modelling is used to calculate, along the z 
axis, this penetration depth of the transverse magnetic induction, Bx, along the surface of the 
superconductor. Fig. 4 shows the transverse component of the magnetic field calculated by 3D 
FEM modelling, for several sweep rates of the applied magnetic field (Bx),  along the 
symmetry axis (z axis) of the superconducting pellet at the vicinity of the top surface (z  5 
mm) and for the maximal amplitude of the magnetic field (µ0Happ = 56.25 mT). The plots 
show the decrease of the transverse magnetic field when it enters inside the volume of the 
superconducting pellet from the top surface, i.e. from z = 5 mm to z = 4.3 mm. At the centre 
of the top surface (z = 5 mm), the local value of the transverse field (~ 90 mT) is larger than 
that of the applied field (56.25 mT) by a factor of 1.65 because of demagnetization effects. 
We can see that the average slope of the curves showing the penetration of the transverse 
magnetic field inside the sample increases slowly when the sweep rate of the applied field 
increases. Accordingly, the distance over which the transverse component of the magnetic 
field decays from its maximal value at z = 5 mm to zero, i.e. the penetration depth of the 
transverse magnetic field, decreases when the sweep rate increases. Notice that for 
computational resources, the number of nodes in our 3D modelling should be kept smaller 
than 150,000. As a consequence, the small negative values below z = 4.5 mm are numerical 
errors caused by a larger size of elements below 4.5 mm. Quantitatively, numerical modelling 
can give the penetration depths of the transverse cycle by calculating the intersection of the 
linear part of the Bx profile with Bx = 0. The penetration depths equal to 0.63 mm, 0.6 mm, 
0.57 mm and 0.56 mm for |dBapp/dt| of 0.225 mT/s, 2.25 mT/s, 22.5 mT/s and 225 mT/s 
respectively. 
 
Notice that in this 3D FEM modelling, we consider an isotropic Jc while in ReBCO materials 
the Jc anisotropy, Jc

ab-plane / Jc
c-axis, equals approximately 3. In the case of a Jc anisotropy, we 

can assume that the penetration from the cylindrical lateral surface (and in particular in the 
median plane) will be larger than in the case of an isotropic Jc. Therefore, the Jc anisotropy, 
and the subsequent larger penetration from the lateral surface, could probably be the reason 
why the demagnetization measured experimentally is slightly larger than that calculated by 
modelling with an isotropic Jc = Jc

ab-plane. 
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4.2. Influence of the waveform of the transverse magnetic field on the decay of the trapped 
field 
 
The importance of dBapp/dt on the trapped field decay can also be observed in a second set of 
experiments by considering two excitations of same maximal amplitude, µ0Happ = 56.25 mT, 
and same period, T = 1000 s, but having different waveforms: triangular and sinusoidal, as 
sketched in Figs. 2(a) and 2(b) respectively. While for a triangular waveform, the absolute 
value of the sweep rate of the applied field (|dBapp/dt|) is constant, its value varies as a cosine 
when the waveform is sinusoidal. For both waveforms, the decay of the trapped magnetic 
induction is measured for 6 h (7200 s) and plotted in Fig. 5 either as a function of the 
amplitude of the transverse magnetic field (Fig. 5(a)) or as a function of time (Fig. 5(b)). It 
appears clearly that the decay of the trapped magnetic induction is larger for the sinusoidal 
waveform. However, as can be seen in Fig. 5(b), the difference between the trapped magnetic 
induction decays in the case of a triangular or a sinusoidal excitation is measured to equal 2.4 
mT after one half-cycle, 2.5 mT after one cycle and 2.3 mT after 200 cycles. This result 
means that, within the error bar, the difference is constant, giving evidence that the difference 
between the trapped magnetic induction decays in the case of a triangular or a sinusoidal 
excitation is mainly due to the initial penetration of the transverse magnetic field during the 
first half-cycle.  
 
In the inset of Fig. 5(b), we show the evolution of the temperature measured during 6 h. No 
temperature increase can be noticed. The very small irregularities are attributed to the liquid 
nitrogen refill. 
 
4.3. 2D magneto-thermal modelling results 
 
In addition to the experimental results given by thermocouple measurements, we carry out 2D 
magneto-thermal modelling using the Brandt algorithm. The geometry is a slab of finite 
dimensions along x and y figuring the cross-section of the pellet by a vertical plane. The slab 
is infinite along the z direction. The magnetic field is applied up to 3 T and removed at 15 
mT/s along y to trap a magnetization in zero field cooled conditions. Then, after 1200 s in 
order to let the trapped magnetic field to relax due to the flux creep, the transverse magnetic 
field of 50 mT is applied along x at 20 Hz (the maximal amplitude and frequency considered 
in the experiments). The model takes into account the – possibly anisotropic – thermal 
conductivity k of the pellet and the convective heat transfer coefficient U. Several couples of 
parameters were studied and reported in table I.  
 
The case a is a reference case with a value of U corresponding to small thermal gradient 
between the sample and the coolant. The case b aims at investigating the effect of anisotropy 
of the thermal conductivity. The case c shows the effect of a large heat draining out of the 
sample on the temperature increase. The last set of parameters (case d) does not correspond to 
a reported value of U but was studied in order to put in evidence the strong influence of the 
convective heat transfer coefficient in our experimental work. 
 
In each case, the currents and the magnetic field distributions of a magnetized sample 
subjected to a transverse AC magnetic field are first modelled without taking into account any 
self-heating. Secondly, the same simulation is carried out with the calculation of the thermal 
losses. In this second simulation, after each thermal iteration, the critical current density is 
updated (i.e. reduced) due to the possible temperature increase of the sample. 
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Because of the different characteristic times for the magnetic problem and the thermal 
problem, the numerical resolution is partially decoupled, i.e. the update of the temperatures 
and the subsequent modification on Jc are calculated after a given number or magnetic field 
cycles depending on its frequency in order to save calculation time. The modelling ends after 
15 times the thermal characteristic time, c ~ Cp(Lc²/k+Lc/U), function of the density, the 
specific heat, the thermal conductivity, the convective heat transfer coefficient and the 
characteristic length. In the case a, c ~ 5.4 s. The results are summarized in Fig. 6 (a-d). 

 
Figure 6 (a) shows, in the case a, the magnetization decay with (thin line with circles) and 
without (thick line) the calculation of losses and the modification of Jc (Left/Top) and the 
average temperature (Left/Bottom) as a function of the time as well as the final temperature 
distribution on one half of the sample (Right). First we can see that the average temperature is 
almost stabilized after a time equal to c (here c = 5.4 s) to a value of 4.6 mK above 77 K. 
Second, no additional decay of the magnetization due to thermal effect can be observed for 
this set of parameters. Finally, the temperature inside the volume of the superconductor is 
non-uniform and the maximal increase (12 mK), corresponding to the maximum of the losses, 
is located at the edge of the modelled geometry, i.e. along the perimeter of the top and the 
bottom surfaces of the real superconducting pellet. 
 
In the case b, we study how the anisotropy of the thermal conductivity affects the results 
obtained for the case a. As can be observed in Fig. 6 (b), there is no change in the 
magnetization decay and on the average temperature increase. However the temperature 
distribution is affected by draining more heat in the x-direction than in the y-direction. 
Anyway the maximal temperature is still located at the edge and has the same value of 77.012 
K as in the case of an isotropic thermal conductivity. 
 
In the case c, we study how a larger convective heat transfer coefficient affects the results 
obtained for the case a. The maximal reported value in the literature was found to be 13000 
W/m²K but we choose to increase U by a decade in order to enhance this effect. In this case, 
the characteristic time c equals 2.95 s. As can be seen on Fig. 6 (c), the magnetization decay 
after 15 s is exactly the same as in the case a and there is no difference whether taking into 
account or not the power losses in the system. The average temperature displays a peak of 0.6 
mK above 77 K then decays to 0.4 mK above 77 K because of the large heat draining due to 
the high value of U. This is also observed on the temperature distribution sown in Fig. 6 (c) 
(Right), where it can be seen that the maximal temperature is located at the edge of the sample 
and is only 2.5 mK above the temperature of the coolant. An anisotropic thermal conductivity 
would not change that and the results would be similar to those shown in Fig. 6 (b).    
 
In the case d, we consider an artificial case where the convective heat transfer coefficient is 
lower in such a way that the heat generated at the edge of the modelled surface cannot be as 
effectively removed out of the sample as in the previous cases. So we have decided to use a 
value of U lowered by a decade in comparison to cases a and b. We also consider that the 
thermal conductivity is anisotropic. With U = 200 W/m²K and an average thermal 
conductivity of 10 W/mK, the characteristic time c = 29 s. We can see on Fig. 6 (d) 
(Left/Bottom) that the time required to stabilize the average temperature (at 52 mK above 77 
K) is larger by one order of magnitude in comparison to cases a and b. The temperature 
distribution behaves similarly as the case b with a larger value of the maximum temperature 
increase (62 mK above the coolant temperature to be compared to 12 mK in the case b). The 
most important result on this case is the magnetization decay. It can be observed that the 
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magnetization decay obtained when the temperature increase is taken into account is slightly 
larger than when the temperature (and therefore the critical current density) is kept constant 
during the experiment. It gives evidence (i) that our modelling is able to reproduce the effect 
of this temperature increase and (ii) that the additional decay due to the temperature increase 
is only a small fraction of the total magnetization decay considering these particular set of 
parameters. The total magnetization decay after 4000 cycles at 20 Hz is approximately 4% of 
the magnetization while the contribution due to thermal effects is less than 0.2%. 
 
4.4. Slowdown of the trapped field decay 
 
In a next set of experiments, after recording the natural relaxation between t = 300 s and t = 
2100 s, i.e. the decay only due to flux creep processes in absence of transverse magnetic field, 
the GdBCO pellet is subjected to triangular transverse ac magnetic fields at t = 2100 s for 6 h 
(7200 s). The magnetic field amplitude is 56.25 mT and the periods are 1000 s (similar to the 
measurement discussed in section 4.2), 100 s, 10 s and 1s, corresponding to |dBapp/dt| of 0.225 
mT/s, 2.25 mT/s, 22.5 mT/s and 225 mT/s. The results are shown in Fig. 7. The natural 
relaxation of the trapped field is obtained by fitting each set of data recorded between t = 300 
s and t = 2100 s to the logarithmic law expressed in Eq. (2) and all curves are plotted over a 
duration of 6 h in Fig. 8 (grey curves). 
 
First we can see that the four curves extrapolated from the measurement in the absence of 
transverse field are very close to each other within a 2 mT error bar, showing that the initial 
trapped field configuration can be assumed to be identical in each case before the application 
of the transverse magnetic field. Second we can observe that in the case of higher sweep rates, 
the initial rate of decay of the trapped field is larger but the slope of the curve tends to 
decrease more rapidly. Because of the decrease of the slope at high dBapp/dt, a crossover can 
occur, as can be noticed at t =12000 s for the curves at 225 mT/s and 22.5 mT/s. This feature 
has to be related to the increase of the current density with the increase of the sweep rate of 
the applied magnetic field increases, and therefore of the induced electric field (through 
Faraday’s law); as it is the case for the higher slope of the transverse field penetration inside 
the sample (cf. Fig. 4) and the associated smaller penetration depth for increasing sweep rates 
of the applied transverse magnetic field. 
 
In order to compare the effects of the various parameters of the transverse fields on the 
trapped field decay, it is desirable to remove the contribution of the sweep rate dependence of 
the current density in the experimental data. The best way to proceed is to use the fact that the 
nonlinear dependence of the E(J) relationship leads to so-called scaling laws [65-67]. These 
laws state that when the time scale is divided by a factor of C, Maxwell equations are 
invariant if the magnetic field and the current are both divided by a factor of C to the power 
1/(n-1). Such a correction is applied to the measurements carried out at several |dBapp/dt| 
presented in Fig. 7 using a two-step procedure: (i) the natural relaxation curve (grey curves in 
Fig. 7) is first subtracted from the experimental data and (ii) the results are normalized to the 
amplitude of the triangular ac magnetic field using the scaling law mentioned above (by 
dividing the results by Bmax/(f/f0)1/(n-1) with f the frequency associated to the measurement and 
the reference frequency f0 = 1 Hz). The results corrected in this way are shown in Fig. 8, 
where the results of an additional experiment, carried out at |dBapp/dt| = 4500 mT/s are added. 
The decays of the trapped field are plotted either as a function of the number of cycles (a) or 
as a function of the time (b). 
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The same treatment is applied to a set of experiment carried out with a sinusoidal magnetic 
field of smaller amplitude. The maximal amplitude equals 14.14 mT and frequencies range 
between 1 mHz and 10 Hz. The results are plotted as a function of the number of cycles (a) or 
as a function of the time (b) in Fig. 9. 
 
After presentation of this detailed set of experimental data for various parameters of small 
transverse fields, we discuss their implications in the next section. 
 
 
5. Discussion 
 
5.1. Thermal effects 
 
The measurement of the sample temperature obtained by the two thermocouples placed on the 
sample surface shows that no self-heating is detected during the experiment even at the 
highest |dBapp/dt| used in the experiments (4500 mT/s). The temperature measured by the 
thermocouples might be slightly lowered because of the liquid nitrogen. Careful experimental 
precautions, however, are taken in order to minimize this effect: the soldering is pressed 
against the surface of the pellet and insulated from the liquid nitrogen by a droplet of GE 
varnish in such a way that the temperature measured by the thermocouple is well 
representative of the temperature of the sample. 
 
From the 2D magneto-thermal modelling results presented in section 4.3., in the case of a 
superconducting sample immersed in liquid nitrogen and subjected to AC magnetic fields 
having amplitude lower than 50 mT and frequency lower than 20 Hz, we conclude that (i) the 
maximum power loss is located at the perimeter of the top and the bottom surfaces of the 
sample and (ii) no effect of self-heating can really affect the demagnetization decay 
behaviour. The main reason is because of the large convective heat transfer coefficient that 
drains the heat generated at the border of the pellet out of the sample.  
 
By extrapolation of the results obtained in the case d with a value of U = 200 W/m²K, we can 
assume that the part of the decay that can be attributed to the thermal effect will be larger for 
lower convective heat transfer coefficients (other parameters kept constant). However in the 
case of pool boiling experiments (i.e. a superconducting sample immersed in liquid nitrogen), 
no values as low as 200 W/m²K or lower have ever been reported in the literature, so that one 
can safely conclude that the thermal effects will be negligible in those cases.  
 
It is of practical interest to compare these experimental and modelling results to an order of 
magnitude of the possible self-heating in the studied |dBapp/dt| range obtained with an 
analytical formula in the limit case of Bi << 1. Approximate analytical formulas were derived 
in one of our previous works [7] in the case of an infinite cylinder subjected to a longitudinal 
ac magnetic field with the assumption of a Biot number Bi = U*Lc/k << 1. When Bi << 1, the 
thermal behaviour of the sample is dominated by the convective heat transfer because the heat 
conduction inside the sample is so fast that the temperature inside the sample reaches an 
equilibrium. According to Eq. (24) of Ref. [7], the equilibrium temperature in the axial 
configuration can be written as: 
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where T0 and Tc are respectively the temperature of the liquid nitrogen bath, i.e. 77 K, and the 
critical temperature of the GdBCO, i.e. 93.13 K, f and Happ are respectively the frequency and 
the amplitude of the applied magnetic field, U is the convective transfer coefficient in liquid 
nitrogen, A is the outer surface of the sample (here 8.25 10-4 m2) and V is the volume of the 
sample (here 1.77 10-6 m3). We can observe that the thermal conductivity is absent from Eq. 
(5) because of the approximation Bi << 1, i.e. corresponding to U >> k/Lc.  
 
In the literature, a wide range of values for the convective heat transfer coefficient can be 
found, some papers claim that it can even be as high as 10000 W/m²K [10]. If we calculate the 
Biot number with Lc = 5 mm and various values of U, we find Bi = 0.1 for U = 200 W/m²K, 
Bi = 1 for U = 2000 W/m²K and Bi = 10 for U = 20000 W/m²K. Then we are at the limit of 
application of Eq. (5) for U = 200 W/m²K. Using Eq. (5) for a sinusoidal AC magnetic field 
of 56.25 mT applied longitudinally at the frequency of 20 Hz (same period as the triangular 
AC field applied at |dBapp/dt| = 4500 mT/s), the average temperature increase is limited to 17.6 
mK. This value obtained by the analytical 1D model is less than the average temperature 
calculated by our 2D magneto-thermal model, but the order of magnitude of self-heating is 
not sufficient to strongly affect the current density inside the sample and then, for this range 
of magnetic field amplitudes and frequencies, the magnetization decay is approximately the 
same whether we do take into account the thermal losses or not. 
 
Although the order of magnitude of the temperature increase calculated from Eq. (5) is 
obtained in the longitudinal configuration, the value is in fair agreement with that obtained in 
the 2D magneto-thermal modelling. Therefore, Eq. (5) can be used to quickly predict a 
possible self-heating of the sample regarding the parameters of the applied magnetic field and 
the superconducting properties of the sample (even if it is not accurate depending on the value 
of the convective heat transfer coefficient). 
 
To conclude about the thermal effects, from the experimental and modelling results, we can 
be confident in the fact that for small transverse magnetic fields applied at low frequency, no 
evidence of additional magnetization decay due to self-heating can be found. Therefore, we 
attribute all magnetization decays discussed in this work only to the redistribution of the 
current inside the volume of the GdBCO pellet in order to shield the transverse ac magnetic 
field. 
 
5.2. Influence of the frequency on the trapped field decay 
 
Results presented in Fig. 3 show that the decay of the maximum trapped field caused by one 
cycle of transverse field decreases when increasing the sweep rate (or the frequency) of the 
transverse ac applied magnetic field. From Faraday’s law, it follows that the induced electric 
field in the sample increases, as well as the induced current density, for increasing frequencies. 
Being larger, the induced currents have to flow on a smaller depth to shield an external 
transverse magnetic field of a given amplitude. The distribution of superconducting currents, 
in trapped field and crossed fields configurations, is sketched in a 2D geometry (for 
simplicity) in Fig. 10. Two cases are compared: (i) low current density and (ii) high current 
density. This schematic illustration helps understand the sweep rate dependence of the decay 
of the trapped field discussed above. In a more realistic 3D geometry, one should take into 
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account that currents do not flow only perpendicular to Bz: the shielding currents opposing to 
Bx have components parallel to Bz at the periphery of the cylindrical pellet. In spite of this 
complication, the 3D FEM modelling results, presented in Fig. 4, confirm that the penetration 
of the transverse ac magnetic field, simulated along the z axis from the top (and the bottom) 
surface, decreases when the value of |dBapp/dt| increases. Therefore, it follows that a larger 
area of currents flowing azimuthally (sustaining the trapped magnetic induction) is preserved 
in the volume of the GdBCO pellet. 
 
If we consider that the whole area where the currents have changed direction to oppose the 
transverse magnetic field does not longer contribute to the z-component of the magnetic 
induction, the magnetic induction measured at the location of the Hall probe is equivalent to 
that of a sample whose height has been reduced by two thin layers (one of each side) equal to 
the penetration depth of the transverse magnetic field. The magnetic induction along the 
central axis of a cylindrical sample can be calculated by the analytical expression [68]: 
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This expression is used to calculate analytically what would be the ratio of the magnetic 
induction at the location of the Hall probe for a sample whose height is reduced by the 
penetration depth over that of the pristine magnetized sample. For |dBapp/dt| of 0.225 mT/s, 
2.25 mT/s, 22.5 mT/s and 225 mT/s, and using the penetration depths obtained by the FEM 
modelling results, the decays calculated with Eq. (6) are found to equal 23.4 %, 22.3 %, 
21.6 % and 21.1% respectively, which are several times larger than the decays obtained by the 
full 3D model as well as the experimental decays. It is important to note that the 3D model is 
implemented with a field dependent Jc while Eq. (6) is assuming a constant Jc. The field 
dependence of the critical current density might be the cause of the quantitative disagreement 
between these analytical results and the measurements. From the above considerations, we 
can conclude that the simple assumption of a uniformly reduced volume in which the currents 
are azimuthal is too strict to accurately estimate the magnetization decay. However it gives us 
an upper bound that can be refined by taking into account the actual current distribution due 
to the 3D geometry and the field dependence of the critical current density. 
 
5.3. Influence of the waveform  
 
Next we examine the influence of the waveform on the transverse magnetic field on the 
trapped field decay. For a sinusoidal applied field, because of the smaller sweep rate of the 
magnetic field when it reaches its maximum, the corresponding value of the induced current 
density decreases. This leads to a larger penetration of the field inside the volume of the 
superconducting pellet. Therefore, an additional decay of the trapped magnetic induction 
occurs even if the maximal amplitude of the transverse ac magnetic field is the same that in 
the experiment with a triangular waveform. It is worth noticing that this additional decay after 
the first cycle is the same as that measured after a very large number of cycles, as evidenced 
by experimental results shown in Fig. 5. FEM modelling carried out over several cycles (not 
presented here) shows also that, after the first cycle, there is a constant difference of decay for 
the 4 next cycles between the measurements with a triangular and a sinusoidal waveform 
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applied field. However, the time consumption of a 3D numerical calculation being quite large, 
it was not possible, in a decent time, to run the modelling for several hundreds of cycles in 
order to compare to experimental measurements of transverse fields applied over a long 
period of time.  
 
According to these results, we conclude that in steady-state regime, the behaviour of the 
superconductor is not strongly affected by the waveform of the transverse ac magnetic field. 
The difference between different waveforms is mainly due to the first sweep of transverse 
field. 
 
5.4. Attenuation of the trapped field decay 
 
Knowing that the magnetic flux density at the surface of the sample is affected differently by 
transverse field sweeps of various rates (dBapp/dt) over long times, the question that arises is 
whether the decay is due primarily to (i) the number of sweeps (whatever the total time) or (ii) 
the time during which the sweeps are applied (whatever the number of sweeps). The 
experimental results displayed in Fig. 8 show that, the decay due to the transverse ac magnetic 
field cannot be expressed in a simple way on the time neither on the number of cycles. By 
looking closely to Fig. 8(b) showing the evolution of the normalized trapped field decay as a 
function of the time, we observe that after an initial decay during the first cycle, a decrease of 
the trapped magnetic induction occurs during a thousand of seconds. Within that range of time, 
the relation follows a power law as a function of the time. Gradually, an attenuation of the 
decay rate comes out. Finally, it can be seen on the measurements at the highest |dBapp/dt| that 
the slope of the decay is reduced by more than an order of magnitude. This feature is 
fundamental because it shows that the decay due to the application of a transverse magnetic 
field eventually decreases to become negligible in comparison to the logarithmic decay due to 
the flux creep. 
 
 
6. Conclusions 
 
We have carried out a large number of experiments in order to characterize the decay of the 
trapped magnetic induction on a GdBCO pellet when subjected to a transverse ac magnetic 
field. These experiments were confronted to 3D numerical modelling using a finite element 
solver (GetDP) with an H formulation. Compared to existing data in the scientific literature, 
the purpose was to study in detail the regime where transverse fields of very small amplitude 
are applied over a long period of time. Such experimental conditions are directly relevant to 
the practical configurations encountered in engineering applications. They however require 
great care since the very small magnetic induction decrements (e.g. typically less than 10 
µT/cycle after 1000 cycles) need to be measured precisely. In spite of these difficulties, good 
qualitative agreement was found between experiments and modelling. The conclusions that 
can be drawn with respect to the behaviour of bulk samples subjected to large number of 
small cycles are as follows.  
 
First, the thermocouples show no evidence of self-heating in that range of amplitude and 
frequency of the applied field, confirming that the magnetization decay is only due to a 
redistribution of the currents in the outer parts of the pellet volume. These measurements are 
supported by 2D magneto-thermal modelling of a slab subjected to crossed fields showing 
that the temperature increase is not sufficient to affect strongly the magnetization decay in the 
ranges of amplitude and frequency studied here. 
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The results show that, for a given number of applied triangular transverse cycles, lower values 
of dBapp/dt induce larger magnetization decays. Depending on the sweep rate, the first cycle of 
transverse ac field yields a magnetic induction decay between 5 up to 30 % of the total decay 
observed over 200,000 cycles showing that the initial penetration is crucial in the 
demagnetization process. 
 
Great care has been taken in order to distinguish the magnetization decay due to the flux creep 
relaxation (natural decay) and the magnetization decay due to the transverse magnetic 
excitation (induced decay). For this purpose, we propose to correct the measurement by 
subtracting the natural decay obtained by fit of Eqs. (2) or (3) from the experimental data 
prior the application of the transverse field. Nevertheless, in order to compare measurements 
obtained at several sweep rates of the transverse applied field, which involve different critical 
current values, we propose an additional procedure of “normalization” based on the scaling 
laws implied by the E(J) relationship. Both corrections allow us to enhance the effect of the 
transverse applied field of small amplitudes on the demagnetization process over the intrinsic 
material behaviour ruled and dominated by the flux creep.  
 
No clear dependence in the time or in the number of cycles has been demonstrated. However 
our measurements show clearly that the magnetization decay weakens with the time (or the 
number of cycles). An important feature of practical interest is that, after a very large number 
of cycles (e.g. 2 105 cycles for a triangular ac magnetic field of 56.25 mT at 4500 mT/s or a 
sinusoidal ac magnetic field of 14.14 mT at 10 Hz), the decay rate of the trapped magnetic 
induction due to the transverse ac magnetic field becomes strongly attenuated. The number of 
cycles required to reach what we may call such “attenuated” regime increases when the 
frequency (or the sweep rate) of the applied field decreases. In this attenuated regime, the 
applied transverse magnetic field has a negligible impact on the magnetization decay. The 
observed decrease of the magnetic induction a function of the time at a rate is nearly 
exclusively due to the relaxation of the superconducting currents due to flux creep only. 
However, because of the logarithmic character of the natural relaxation decay, the trapped 
magnetic induction can be eventually considered as a constant for the purpose of the 
application.  
 
In conclusion, the present experimental work shows that in the range of small amplitudes and 
low frequencies of transverse applied magnetic field, as it is generally the case in magnetic 
bearings and rotating machines, a moderate decay of the trapped magnetic field is 
unavoidable but we can expect that this decay is limited to the order of magnitude of the 
transverse applied field amplitude as no self-heating of the sample (which could cause a 
critical current decrease) is observed. 
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Tables 
 
 
# Thermal conductivity Convective heat transfer 

coefficient 
Biot number 

  kx [W/mK] ky [W/mK] U [W/m²K] Bi 
a Isotropic 10 10 2000 (medium) 1 
b Anisotropic 20 4 2000 (medium) 0.5 – 2.5 
c Isotropic 10 10 20000 (high) 10 
d Anisotropic 20 4 200 (low) 0.05 – 0.25 
 
Table I: Parameters list for the 2D magneto-thermal modelling. 
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Figure captions 
 

 
 
Fig. 1. Trapped magnetic induction of the axially magnetized GdBCO pellet. (a) Distribution 
of the vertical component of the trapped magnetic induction at z = 500 µm. (b) Trapped 
magnetic induction as a function of the elevation z above the centre of the GdBCO pellet. 
 

 
 
Fig. 2. Left: Schematic picture of the GdBCO sample with the central Hall probe (HP) and 
two thermocouples (tc1 and tc2). Right: Schematic diagram of the experiments procedure: 1) 
magnetization of the sample along the z direction, 2) wait for natural relaxation due to flux 
creep and 3) at t = 2100 s: application of the transverse magnetic field (along the x axis). 
Three experiments are carried out: (a) one single half cycle of triangular waveform, (b) 
multiple cycles of triangular waveform and (c) multiple cycles of sinusoidal waveform. 
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Fig. 3: Decay of the trapped magnetic induction of a GdBCO pellet, magnetized at t = 0 s and 
subjected, at t = 2100 s, to a half-period of a triangular ac magnetic field (procedure (a)) 
having peak amplitude of 56.25 mT and for |dBapp/dt| of 0.225 mT/s, 2.25 mT/s, 22.5 mT/s 
and 225 mT/s. (a) Experimental results with the extrapolation of the decay due to the natural 
relaxation only. (b) Modelling results at the same sweep rates of the applied transverse 
magnetic field. 
 

 
 
Fig. 4: Penetration profile of the transverse magnetic induction Bx, calculated along the z axis 
by full 3D FEM modelling on a GdBCO pellet. The sample is magnetized at t = 0 s and 
subjected, at t = 2100 s, to a half-period of a triangular ac magnetic field (procedure (a)) 
having peak amplitude of 56.25 mT and for |dBapp/dt| of 0.225 mT/s, 2.25 mT/s, 22.5 mT/s 
and 225 mT/s. The profiles are plotted for the maximal value of the applied transverse 
magnetic field. 
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Fig. 5: Comparison of the trapped magnetic induction decay of a GdBCO pellet subjected to 
sinusoidal (plain) or triangular (dashed) ac magnetic fields having peak amplitude of 56.25 
mT and a period of 1000 s. (a) Decay of the trapped magnetic induction as a function of the 
transverse ac magnetic field. (b) Decay of the trapped magnetic induction as a function of 
time. 
 
 

 
 
Fig. 6: 2D magneto-thermal modelling using the parameters reported in Table I corresponding 
to the cases a to d. The magnetic field is applied along x. In each subfigure, corresponding to 
each case, we plot: (Left/Top) the magnetization decay with (thin line with circles) and 
without (thick line) considering the temperature increase due to the dissipated power inside 
the sample, (Left/Bottom) the average temperature increase over the volume of the sample 
and (Right) the temperature distribution on one half of the sample. 
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Fig. 7: Decay of the trapped magnetic induction measured on a GdBCO pellet subjected to 
triangular ac magnetic fields having peak amplitude of 56.25 mT and for |dBapp/dt| of 0.225 
mT/s, 2.25 mT/s, 22.5 mT/s and 225 mT/s. The grey lines represent the extrapolation of the 
decay due to the natural relaxation only, obtained from the data between t = 300 s and t = 
2100 s when no transverse ac field was applied.  
 

 
 
Fig. 8: Decay of the trapped magnetic induction measured on a GdBCO pellet subjected to (a) 
triangular ac magnetic fields having peak amplitude of 56.25 mT and for |dBapp/dt| of 0.225 
mT/s, 2.25 mT/s, 22.5 mT/s, 225 mT/s and 4500 mT/s. The figures present, (a) as a function 
of the number of cycles or (b) as a function of the time, the data after subtraction of the 
component due to the natural relaxation (flux creep), corrected by the effect of the sweep rate 
of the magnetic field on the current density and normalized to the maximal amplitude of the 
triangular ac magnetic field as described in the text. 
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Fig. 9: Decay of the trapped magnetic induction measured on a GdBCO pellet subjected to 
sinusoidal ac magnetic fields having peak amplitude of 14.14 mT and frequencies ranging 
between 1 mHz and 10 Hz. The figures present, (a) as a function of the number of cycles or 
(b) as a function of the time, the data after subtraction of the component due to the natural 
relaxation (flux creep), corrected by the effect of the sweep rate of the magnetic field on the 
current density and normalized to the maximal amplitude of the ac magnetic field as described 
in the text. 
 

 
 
Fig. 10: 2D sketch of the superconducting currents distribution in an axially magnetized 
GdBCO pellet subjected to a transverse ac magnetic field Bx in the case of low Jc (top) and 
high Jc (bottom). 
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