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Abstract 
Large grain, bulk Y-Ba-Cu-O (YBCO) high temperature superconductors (HTS) have significant 

potential for use in a variety of practical applications that incorporate powerful quasi-permanent 

magnets. In the present work, we investigate how the trapped field of such magnets can be 

improved by combining bulk YBCO with a soft FeNi, ferromagnetic alloy. This involves machining the 

alloy into components of various shapes, such as cylinders and rings, which are attached 

subsequently to the top surface of a solid, bulk HTS cylinder. The effect of these modifications on the 

magnetic hysteresis curve and trapped field of the bulk superconductor at 77 K are then studied 

using pick-up coil and Hall probe measurements. The experimental data are compared to finite 

element modelling of the magnetic flux distribution using Campbell’s algorithm. 

Initially we establish the validity of the technique involving pick-up coils wrapped around the bulk 

superconductor to obtain its magnetic hysteresis curve in a non-destructive way and highlight the 

difference between the measured signal and the true magnetization of the sample. We then consider 

the properties of hybrid ferromagnet/superconductor (F/S) structures. Hall probe measurements, 

together with the results of the model, establish that flux lines curve outwards through the 

ferromagnet, which acts, effectively, like a magnetic short circuit. Magnetic hysteresis curves show 

that the effects of the superconductor and the ferromagnet simply add when the ferromagnet is 

saturated fully by the applied field. The trapped field of the hybrid structure is always larger than that 

of the superconductor alone below this saturation level, and especially when the applied field is 

removed. The results of the study show further that the beneficial effects on the trapped field are 

enhanced when the ferromagnet covers the entire surface of the superconductor for different 

ferromagnetic components of various shapes and fixed volume.  
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1 Introduction 
Bulk superconductors and ferromagnetic materials modify the path of magnetic flux in magnetic 

circuits in fundamentally different ways, so any combination of these materials often leads to very 

interesting magnetic behaviour of the composite structure. Superconductors may either repel 

individual, quantized flux lines completely (i.e. perfect diamagnetism) or, in the case of type-II 

superconductors containing strong pinning, restrict their movement and act potentially as very 

strong quasi-permanent magnets. In contrast, due to their high magnetic permeability, 

ferromagnetic materials tend to channel magnetic flux by providing a low reluctance path. 

Superconductors can therefore be combined with ferromagnets to modify the distribution of the 

magnetic flux lines and to improve the superconducting properties of the composite structure. This 

interplay may arise on (i) a small (sub-micron) scale by the introduction of ferromagnetic particles to 

the bulk superconducting microstructure [1 – 7], (ii) a millimetre-scale for coated conductors where 

the use of magnetic substrates and surrounding shields may improve the current distribution [8] and 

reduce the AC losses [9 – 14], and (iii) a macroscopic scale to improve the performance of various 

practical applications involving bulk type-II superconductors used as quasi-permanent magnets with 

a large flux density:volume ratio [15 – 18]. The present study deals precisely with large, bulk Y-Ba-Cu-

O (YBCO) on the centimetre scale. The purpose of the investigation is to determine experimentally 

how the magnetic flux density both inside and outside a solid, cylindrical bulk superconductor is 

modified when placed in the vicinity of axisymmetric ferromagnetic components of various sizes and 

shapes, machined out of a well characterized, soft magnetic alloy of high permeability. 

At present, large, bulk (RE)BCO high temperature superconductors (HTS), where RE denotes a rare-

earth ion, and MgB2 are the most promising candidates for the development of quasi-permanent 

magnets that can trap flux densities in excess of 2 T [15 – 18]. These magnets can be used potentially 

in various engineering applications [19], such as rotating machines [20, 21], magnetic levitation 

systems [22, 23], magnetic bearings [24, 25], cancer therapy [26] and waste water treatment [27]. 

Several authors have reported that such applications can be improved by using 

ferromagnet/superconductor heterostructures. As an example, the flux generated in an iron rotor 

can be increased by the use of an YBCO frame to screen the flux within the yoke [28]. Hybrid 

structures can be used to modulate the shape of the magnetic field and/or to increase the magnitude 

or gradient of the flux density [8, 29 – 33]. Sandwiching a bulk HTS between two soft ferromagnetic 

yokes can also improve the pulse field magnetization process [34]. Additional applications include, 

for example, retardation of the magnetic relaxation [35], enhancement the magnetic shielding 

properties [36 – 38], metamaterials for magnetic cloaking [39] or bulk HTS superconductors 

containing a regular array of artificial holes filled with a ferromagnetic powder to improve the field 

trapping properties of the composite sample [40]. In the present work, we use magnetic 

measurements and numerical modelling to investigate the interaction between a bulk 

superconductor (S) and a ferromagnet (F) during a full magnetic hysteresis cycle. In particular, the 

hysteresis cycle of the hybrid F/S structure is compared to that of the two materials characterized 

separately and the influence of the shape and volume of the ferromagnet is determined. In contrast 

to previous studies, two different techniques that probe both surface and volume DC magnetic 

properties are combined on the same large, bulk superconducting sample. The first technique 

involves placing Hall probes at the centre of the top and bottom surfaces of the superconductor, 

whereas the second involves pick-up coils wrapped tightly around the body of the superconductor. 
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Modelling results obtained using both Brandt and finite element methods are used to help 

understand how the ferromagnetic components modify the magnetic flux density inside and outside 

the bulk superconductor. 

2 Experiment 

2.1 Superconducting sample 
A solid, cylindrical bulk YBCO superconductor of diameter 16.5 mm and height 6.32 mm, with its 

c-axis parallel to its thickness, was synthesized using conventional top seeded melt growth (TSMG) at 

the University of Cambridge (UK). The melt-processed, large grain microstructure consists of a 

superconducting YBa2Cu3O7-δ (Y-123) phase matrix containing discrete Y2BaCuO5 (Y-211) inclusions 

[41, 42]. The top and bottom faces of the as-processed grain were polished prior to characterisation.  

2.2 Experimental arrangement for magnetic characterisation 
Six sensors were attached to the YBCO sample to enable magnetic characterisation. These consisted 

of four pick-up coils and two Hall probes, as shown schematically in figure 1. The pick-up coils were 

made of 80 µm-diameter copper wire wound tightly around the superconductor. The first coil had 53 

turns and was wrapped around the entire height of the cylinder in a single layer (i.e. with its principal 

axis parallel to the thickness of the sample). The three other coils were wrapped around the top, 

middle and bottom sections of the solid cylinder (as shown in figure 1). The top and bottom coils 

consisted of 19 turns (one single layer) whereas the middle coil, centred on the median plane of the 

cylinder, consisted of 44 turns wound in two layers. There was a 1 mm gap between two adjacent 

coils. The two Hall probes (Arepoc AHP-H3Z, with a 1 mm2 active area), driven by a current of 1 mA, 

were placed at the centre of top and bottom surfaces of the cylinder to probe the axial component 

(i.e. normal to the surface) of the magnetic field. The same arrangement of pick-up coils and Hall 

probes was used for the ferromagnet/superconductor hybrids, for which the top Hall probe was 

placed at the top of the hybrid structure. In this case a coil was not wound around the ferromagnet.  

http://dx.doi.org/10.1016/j.physc.2014.04.025
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Fig. 1. (a) Photograph of the YBCO sample, (b) dimensions of the YBCO sample and 

(c) sectional view of the YBCO sample and the six sensors consisting of four coils 

(wound around the entire height and individually around the bottom, middle and 

top sections of the YBCO sample) and two Hall probes (centred on the top and 

bottom surfaces). 

The properties of the hybrid structures were measured as a function of temperature and field using a 

Physical Property Measurement System (PPMS) supplied by Quantum Design. This instrument allows 

the application of magnetic fields of up to 9 T at a rate of up to 17 mT/s. The instrumented sample 

was clamped in a closed sample holder to avoid movement due to magnetic forces during the 

measurement and to enable external interface to the sensors. All measurements in the 

superconducting state were performed at 77 K, with the calibration of the sensors performed at 100 

K (i.e. above the YBCO superconducting transition temperature). 

All measurements reported in this investigation involved cooling down the sample in zero field (the 

so-called zero field cooled, or ZFC, procedure) and then applying a slowly time-varying magnetic field 

parallel to the c-axis of the sample. The field was swept initially up to 3 T and then cycled between 3 

T and -3 T using a sweep rate of 15 mT/s. This rate was sufficiently slow to neglect any variation of 

the applied field between two successive measurements with the different sensors. A time changing 

magnetic field at a small but finite sweep rate, however, is mandatory for a pick-up coil 

measurement technique. Each pick-up coil produces a small electromotive force (e.m.f.) proportional 

to the time variation of the magnetic flux threading the coil via Faraday's law. This induced voltage 

(typically of the order of a few tens of microvolts for the coils used in this study) was measured and 

integrated numerically over time to yield a measure of magnetic flux. The resulting flux is divided by 

the surface of the coil multiplied by the number of turns in order to determine the average magnetic 

flux density across the bulk superconductor. In this case, the resulting field is equal to the volume 

average of the z-component of the flux density since all coils were arranged such that their axes of 

symmetry coincide with that of the sample (the “z”-axis). Each electric signal component of the 

experiment (the induced e.m.f. across the coils and Hall probe voltages) was measured by a 

nanovoltmeter (Agilent 34420A), computer controlled using a PC running LabVIEW®. 

Great care was taken to measure the voltage offsets twice for each sensor: once before and once 

after each measurement. Any offset was assumed to have varied linearly during the measurement 

cycle, and the interpolated linear variation was subtracted from the raw data in the event of the two 
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offset measurements not being equal. The measured voltages were converted to a magnetic 

induction based on the calibration at 100 K. 

2.3 Ferromagnetic components 
The ferromagnetic components were machined from the commercial, soft ferromagnetic alloy 

Supra50 [43] (note that this name has nothing to do with superconductivity!). This alloy is composed 

mainly of iron and nickel (51.5 wt% and 47 wt%, respectively). Its magnetic properties were 

measured independently using a permeameter, which enabled the intrinsic magnetic hysteresis B(H) 

curve of long magnetic rods to be determined (see inset of figure 2). A high permeability soft iron 

yoke was used in this measurement to close the magnetic circuit and to act as a magnetic short 

circuit in order to avoid demagnetizing effects. Figure 2 shows the B(H) hysteresis curve measured 

for a long rod of Supra50. The coercive field is found to be 520 A/m and the saturation magnetization 

       to be around 1.4 T. The maximum differential permeability (i.e. the slope of the hysteresis 

curve at B = 0) is     
   (    ⁄ )             . 

 

Fig. 2. B(H) hysteresis curve measured for a long rod of Supra50 FeNi alloy. The 

coercive field is found to be 520 A/m and the saturation magnetization        is 

about 1.4 T. The maximum differential permeability is          . The inset 

shows a schematic sectional view of the permeameter used to perform this 

measurement. 

Four different ferromagnetic components were attached to the top surface of the superconductor 

using GE 7031 cryogenic varnish to form the ferromagnet/superconductor hybrids, as illustrated in 

figure 3. All the ferromagnetic components shown in this figure have an external diameter of 16.5 

mm, which is the same as that of the bulk, superconducting sample. The experiments were carried 

out using the following geometries: (i) two plain discs of thickness 1.90 mm and 2.90 mm (labelled C1 

and C4 in figure 3), (ii) an inverted cone of height 2.88 mm at the edge and 0.09 mm at the centre 

(labelled C2 in figure 3) and (iii) a ring (C3) of height 2.88 mm and internal diameter 9.52 mm. 

Significantly, the thin disc, the inverted cone and the ring (i.e. C1, C2 and C3) have the same volume 

(≈ 412 mm3 within an accuracy of 3%, as summarized in table 1). The volume of the thick disc, 

however, is ≈ 50% larger (623 mm3).  

http://dx.doi.org/10.1016/j.physc.2014.04.025
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Fig. 3. Cross sections and dimensions of the hybrid ferromagnetic 

(shaded)/superconductor (white) configurations (F/S hybrids) investigated here. 

The ferromagnetic components and superconductor each have an external 

diameter of 16.5 mm. The superconductor has a volume of 1351 mm
3
. The position 

of the Hall probes is shown for configuration C1. 

3 Modelling 
Two different computational models were used; the Brandt method and Campbell’s equation solved 

using a finite element method. These two methods are described briefly as follows. 

Initially, we use a numerical model based on the Brandt algorithm [44] to determine the current 

distribution as a function of the applied field inside the volume of the superconductor only (no 

ferromagnet). This method is based on the discretization and numerical integration of the Biot–

Savart equations. A   ( ) dependence that follows the Bean-Kim law [45]   ( )       (      )
   

was assumed in the first instance for the YBCO sample and used to determine the current 

distribution inside the superconductor for arbitrary values of     and   . The magnetic induction 

inside the sample was determined from the modelled current distribution, and its axial component 

averaged over the whole sample. The resulting hysteresis curve for a full cycle of applied field was 

compared to the measurements and the sample parameters      and    were determined by 

minimizing the least square error between the computed and measured curves using a trust region 

algorithm. The average DC magnetization M defined as the total magnetic moment m divided by the 

volume V of the sample 

   
 

 
 

 

 
 ∫

   

 
      (1) 

was also determined from the current distribution.  

Secondly, numerical modelling studies were performed using a modelling framework developed at 

the University of Cambridge (UK) [46, 47] in order to understand the dynamics of magnetic flux 

penetration. This modelling framework can simulate various magnetization processes of bulk 

superconductors by solving Campbell’s equation [48] (which describes the force-displacement 

relation of magnetic flux lines [49, 50] and gives the critical state directly) using the finite element 

method (FEM) in a commercial software package. The Jc(B) relation of the bulk YBCO superconductor 

is described by the Kim model, where the parameters Jc1 and B1 were determined from magnetic 
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measurements as discussed in section 4.1.1. On the other hand, the soft ferromagnetic property of 

the iron-nickel alloy Supra50 is incorporated by modifying the left hand side of Campbell’s equation 

from   (   ) to   ((   )   ⁄ ), where μr is estimated by the function; 

            for        

       
    (    )       

    
[     ( 

       |    |

      
)] for         

where                and             . The B-H curve deduced from this function agrees 

reasonably well with the experimental curve shown in figure 2, and it ensures that the slope at B = 0 

is equal to 1.7 × 103 μ0. The phenomenon of hysteresis, however, is not taken into account in either 

model since the coercive field measured is extremely small. 

4 Results and discussion 

4.1 Measurements on the superconductor only 

4.1.1 Magnetic hysteresis loop and magnetization 

In this section we focus initially on the volume properties of the bulk superconductor only using the 

pick-up coil wrapped around the entire thickness of the sample, as described in section 2.2. The 

voltage appearing across this pick-up coil when the external field is changed is integrated to obtain 

〈 〉, the z-component of the magnetic flux density averaged over the whole sample. Figure 4 shows 

the measurement results (blue curve with dots) obtained when the applied field is cycled slowly 

between 3 T and -3 T using a sweep rate of 15 mT/s. In order to obtain a “classical” hysteresis cycle, 

the applied magnetic field      multiplied by µ0 was subtracted from the measured flux density; the 

experimental data plotted in figure 4 therefore represent    〈 〉         as a function of 

      .  

Numerical modelling was carried out using the Brandt method as described in section 3 in order to 

determine the field-dependent critical current of the sample and to emphasize the difference 

between the measured hysteresis curve and a “true” magnetization curve. A   ( ) dependence 

following Bean-Kim law [45]   ( )       (      )
   was assumed in the first instance and the 

values of     and    parameters were determined as Jc1 = 13.8 × 103 A/cm2 and B1 = 0.987 T. The 

modelled hysteresis curve (red line) is compared to the experimental    〈 〉         curve in 

figure 4. It can be seen that the agreement with the measured data is very good. The true DC 

magnetization curve as defined by equation (1) was then calculated using the previously determined 

values of Jc1 and B1, as indicted by the green line in figure 4. This modelled DC magnetization differs 

considerably from the measured and modelled    hysteresis curves, with the magnetization being 

approximately 2.5 times greater than   . Similarly, a ratio of 2.4 is found between the initial slopes 

of the two modelled curves. 

http://dx.doi.org/10.1016/j.physc.2014.04.025
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Fig. 4. Comparison between the measured    〈 〉         hysteresis curve 

(blue curve with dots), the computed    hysteresis curve (solid, red curve) and the 

computed volume DC magnetization   (solid, green curve). 

This result underlines the fact that, since the sample is of finite height, the experimental data 

obtained with the sensing coil do not correspond to the DC magnetization of the superconductor 

[51], although their general appearance is similar. Finite size effects have already been studied on 

short (low aspect ratio) type-II superconductors using numerical modelling [52, 53], as well as 

magnetization measurements [54, 55]. However, these studies relate to the magnetization  (    ) 

rather than the    determined experimentally in the present work. The computed magnetization 

curve in figure 4 enables the full-penetration field    to be determined at the point where the first 

magnetization curve reaches the full hysteresis cycle. In this case,            . 

It can be concluded from the above analysis that the experimental system using sensing coils 

wrapped around the superconductor yields magnetic hysteresis loops that differ quantitatively from, 

but are closely related to, the DC magnetization. The critical current Jc of the sample can be extracted 

directly from the magnetization loop [53] but well-established techniques for measuring DC 

magnetization (such as SQUID and VSM) cannot be applied in the case of a large, single domain (16.5 

mm diameter). Commercially available devices generally accommodate samples of much smaller size 

(typically < 1 cm3) that require the extraction of small sub-specimens from the parent sample, which 

is necessarily destructive in nature. The magnetic moment could be measured with the coils 

positioned at a large distance from the sample [51] but, since single grain bulk superconductors are 

particularly useful for the fields they generate near their surface, this configuration was measured 

here. The significant advantage of the experimental method using sensing coils near the sample is 

that it is suitable for investigating the DC volume magnetic properties and the critical current Jc of 

large samples. However, the method requires the   ( ) variation to be assumed and some curve 

fitting is necessary to determine the value of Jc. Having established its validity, therefore, this 

experimental method was applied to the superconductor alone and to the 

superconductor/ferromagnet hybrid structures.   

4.1.2 Characterization of the superconductor 

Figure 5 (a) shows the hysteresis curves of    〈 〉         as a function of applied field        

measured by the four coils wound around the superconductor only: the sensing coil wound around 

http://dx.doi.org/10.1016/j.physc.2014.04.025


 
 
Author’s Postprint Paper published in Physica C 502 (2014) 20–30 9 
 DOI: 10.1016/j.physc.2014.04.025 

the entire height of the bulk sample (as shown in figure 4) and the three small coils placed at 

different locations (top, middle, bottom). The four experimental curves approximate well to each 

other, which indicates a relatively uniform distribution of the average flux as a function of sample 

height. The agreement between the data shows also that coils are well suited to measure the 

average magnetic behaviour of the superconductor, despite the relatively small signals recorded for 

coils of less than 20 turns.  

 

Fig. 5. (a) Magnetic hysteresis curves measured with the four coils on the superconductor only. 

The coil wound around the entire height of the superconductor is shown in blue. The top, middle 

and bottom coils are shown in green, orange and red, respectively. (b) Magnetic hysteresis curves 

measured by the Hall probes placed against the top (green) and bottom (red) faces of the 

superconductor. 

Figure 5 (b) shows the hysteresis curves measured by the Hall probes positioned at the centre of 

either the top (green) and bottom (red) faces of the bulk superconductor, using the same cycle of 

applied field employed for the sensing coil measurements. By analogy with the data shown in figure 

5 (a), we plot         , where B now denotes the magnetic flux density at the Hall probe location, 

as a function of the applied field. Note that the seeded surface of the sample corresponds to the 

http://dx.doi.org/10.1016/j.physc.2014.04.025
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bottom face of the bulk single domain in the configuration studied here. As can be seen from figure 5 

(b), the remanent magnetic field measured by the top Hall probe (on the face opposed to the seed) is 

approximately 25 % lower than that measured by the bottom probe positioned against the seed. 

Similar discrepancies have been observed in other bulk samples fabricated by the TSMG process [56 

– 59], and are related to axial and radial variations of both Tc and Jc within the single domain. In the 

present case, it is of interest to investigate in more detail the reason why a non-uniform Jc in the bulk 

sample has a larger effect on the local value of B than on the average induction probed by the pick-

up coil. First, there might be an effect of a greater Jc in a small volume around the seed. Second, 

there is also a variation of Jc along the z-axis, which may result on a layer with weaker Jc near the face 

of the superconductor opposite to the seeding surface. We believe this second effect is predominant 

here, and can be explained as follows. If we assume an extreme situation in which the weaker Jc layer 

far from the seed would be a thin non-superconducting layer (approximately 0.5 mm), it can be 

shown analytically [58, 60] that the central B measured by the Hall probe decreases by approximately 

25 % compared to the original sample. On the other hand, for the average B, the decrease of the 

remanent flux embraced by the top coil would be only 11 %. This result can be understood 

qualitatively: the sensing coil still embraces a large part of fully superconducting material whereas 

the effect on the local B is equivalent to inserting a small air-gap between the Hall probe and the 

sample, leading to a large reduction of the measurement. Significantly, this study indicates that the 

trapped field measured at the surface of the bulk sample is influenced predominantly by a relatively 

thin layer of material in the vicinity of the sensor. In addition, Hall probe measurements are sensitive 

to local variations of Jc, which can be higher near the seed but also lower on the face opposite to the 

seeding surface. In contrast, sensing coils measure the average magnetic behaviour over the section 

of the superconductor they surround, and are influenced much less by non-homogeneities in the 

bulk sample, as evidenced by the results in figure 5 (a). 

One advantage of probing magnetic properties with the Hall sensors is that magnetic relaxation 

measurements can be performed easily. The critical exponent n can be determined [56] assuming 

that the remanent magnetization of the superconductor decreases with time as a power law 

relationship    (     ⁄ ) (   )⁄ , where    is the time before the beginning of the magnetic 

relaxation [61]. For the case of the bulk superconductor studied in this work, the fit of the power law 

to the measurement over two days of the remanent magnetization decay gives a critical exponent n 

= 45 for     . 

4.2 Ferromagnet/Superconductor hybrid structures 
We now turn to the magnetic behaviour of ferromagnet/superconductor (F/S) hybrid structures and 

focus initially on a ferromagnetic disc (of thickness 1.90 mm) placed on the top of the 

superconductor. This corresponds to the structure C1, shown in figure 3. The modelling results are 

obtained by solving Campbell’s equation as described in section 3. This method allows the repartition 

of the contour lines of the vector potential A to be determined easily. For axisymmetric geometries, 

the contour lines of A give a reasonable approximation of the flux lines of B, as described in [44]. 

4.2.1 Flux distribution 

Figure 6 shows the modelled repartition of the contour lines of the vector potential A when an 

external magnetic field of µ0 Happ = 0.3 T is applied to (a) the superconductor only and (b) the hybrid 

F/S structure C1. This value of applied field corresponds to approximately half the full-penetration 

http://dx.doi.org/10.1016/j.physc.2014.04.025
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field of the superconductor (see section 4.1.1). Results for the superconductor alone (figure 6 (a)) 

show the expected shape of contour lines in this configuration [44]. When the ferromagnetic disk is 

added to the superconductor (figure 6 (b)), the contour lines of A are concentrated inside the 

ferromagnet and undergo a strong change of direction at the edges of the ferromagnet: the lines are 

nearly perpendicular to the interface on the air and superconductor sides. These contours indicate 

that the magnetic flux distribution in the bottom part of the superconductor remains relatively 

unaffected, whereas the flux penetrates the superconductor less in the vicinity of the ferromagnet. 

However, the density of A lines in the air above the ferromagnet (figure 6(b)) is higher than that 

above the superconductor alone (figure 6(a)).  

Figure 7 shows the path followed by the contour lines of A in the fully magnetized remanent state 

(trapped field) for (a) the superconductor only configuration and (b) the hybrid F/S structure C1. 

Compared to figure 7(a), the results shown in figure 7(b) indicate that the contour lines are strongly 

concentrated inside the ferromagnet. The contours are almost perpendicular to the ferromagnet 

interface in the low permeability domain (air or superconductor). The concentration of A lines is 

much smaller than the case without ferromagnet above the top face of the F/S assembly. 

 

Fig. 6. Repartition of the contour lines of the vector potential A for an external applied field of µ0 

Happ = 0.3 T inside (a) the superconductor only and (b) the hybrid ferromagnet/superconductor 

(F/S) structure C1. These results are obtained by solving Campbell’s equation as described in 

section 3. 

 

Fig. 7. (a) Contour lines of the vector potential A in the fully magnetized remanent state for the 

superconductor described in section 2.1. These results are obtained by solving Campbell’s 

equation as described in section 3. (b) Same contour lines for the hybrid 

ferromagnet/superconductor (F/S) structure C1. 

http://dx.doi.org/10.1016/j.physc.2014.04.025
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These results emphasize that the high permeability ferromagnet acts as a magnetic short-circuit for 

magnetic flux density since it creates a low reluctance path. When the assembly is subjected to an 

external magnetic field (figure 6), the penetration of the magnetic flux inside the superconductor is 

delayed in the vicinity of the ferromagnet. The zone above the ferromagnet in the trapped field 

configuration (figure7) is shielded from the flux trapped inside the superconductor. Moreover, the 

flux lines that were closed through the superconductor are now closed through the ferromagnet, 

which leads to a decrease of the curvature of the return flux lines inside the superconductor. In 

addition, the flux lines are perpendicular to the median plane of the superconductor in the absence 

of the ferromagnet whereas they are perpendicular to the ferromagnet/superconductor interface in 

presence of the ferromagnet. Therefore, adding the ferromagnet can be assimilated to doubling the 

height of the superconductor as expected in the limit case of a semi-infinite ferromagnet of infinite 

permeability where the effect of the ferromagnet can be replaced by an image of the 

superconductor [30, 62, 63]. The doubled height corresponds to an increase of the effective aspect 

ratio of the sample and a reduction of the edge effect of a finite length sample.  

4.2.2 Hysteresis loops  

Figure 8 shows the hysteresis loop measurements obtained for the hybrid C1 F/S configuration 

modelled in the previous section (1.90 mm thick ferromagnetic disc above the superconductor).  

Figure 8 (a) compares the    〈 〉         magnetic hysteresis loops recorded by the four pick-

up coils. The hysteresis loop measured with the coil wound around the superconductor only is also 

shown for comparison (light blue dots). The hysteresis loops of the F/S hybrid structure show a 

combination of diamagnetic (negative slope at the origin) and ferromagnetic behaviour (the average 

B exceeds        at medium and high positive applied fields). The behaviour at high applied field 

(typically for           ) highlights some differences between the four coils: for a given applied 

field, the magnetic induction measured by the top coil (green triangles) in the vicinity of the 

ferromagnet is higher than that measured by the bottom coil (red triangles), located more distant 

from the ferromagnet. The coils wound around the middle (orange squares) and entire height (navy 

blue circles) of the sample show an intermediate behaviour, except above 1.5 T where the middle 

section exhibits the lowest   . Compared to the superconductor alone, the remanent induction 

(measured at         ) is increased by 8.8%, 15% and 29% for the bottom, middle and top 

sections, respectively. The magnetic flux probed by the coil wound around the entire height of the 

superconductor shows an increase of 16% of the remanent magnetic induction.  
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Fig. 8. (a) Magnetic hysteresis curves measured with the four coils on the C1 

ferromagnet/superconductor configuration. The navy blue circles represent the 

data for the coil wound around the entire sample height. The green triangles, 

orange squares and red triangles are for the top, middle and bottom coils, 

respectively (i.e. the colours of the coils refer to those shown schematically in the 

inset). The curve for the coil wound around the entire height of the superconductor 

only is shown for comparison (blue dots). (b) Magnetic hysteresis curves measured 

by the Hall probes placed against the top (green) and bottom (red) faces of the bulk 

superconductor.  

The hysteresis curves shown in figure 8 (a) provide experimental evidence of a strongly non-uniform 

distribution of the magnetic induction through the thickness of the superconductor. In addition, 

when the external field is modified, the evolution of    depends on the proximity of each section 

within the sample to the ferromagnet. The variations of the applied field have clearly more effect on 

the magnetic induction in the sections near the ferromagnet. At zero applied field, the fact that the 

average remanent induction Bz probed by the pick-up coil around the superconductor is larger in the 

presence of the ferromagnet, is entirely consistent with the modelling result of figure 7:  the 
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measured Bz increases since the flux lines in the superconductor are perpendicular to the F/S 

interface and are then driven toward the outside of the superconductor by the ferromagnet.  

Figure 8 (b) shows surface measurements by the Hall probes on the hybrid F/S structure for the 

configuration C1. The top probe is above the ferromagnet and the bottom probe is against the 

superconductor (see inset). As is the case in the previous section, the superconductor is always 

oriented with the seed on the bottom of the configuration. The shape of the magnetic hysteresis 

curve is roughly similar to that of the superconductor only for the Hall probe located at the bottom 

(red curve), but appears somewhat tilted anticlockwise with remanent magnetic induction increased 

slightly by 4%. The full penetration field does not differ significantly from that measured for the 

superconductor alone. The shape of the hysteresis curve measured by the Hall probe positioned on 

the top of the ferromagnetic disc (green curve), however, is modified strongly, and appears more like 

the hysteresis curve of a ferromagnetic material than that of a diamagnetic material. The initial slope 

of the first magnetization curve is still negative but above ≈ 0.5 T, the quantity 〈 〉         

becomes positive. Significantly, the remanent magnetic induction is 83% smaller than for the 

configuration without the ferromagnet. 

The above measurements are consistent with the modelling results discussed in the previous section. 

There is little change of the trapped field by the ferromagnet on the bottom face, as sensed by the 

Hall probe. The results of figure 8 support the observation in figure 6 and 7 that flux lines are 

concentrated into the low reluctance ferromagnetic material on the top (ferromagnet) side. Indeed, 

the flux lines are driven toward the top Hall probe during initial magnetization of the sample (i.e. 

during the field cycle       ), whereas this probe is shielded from the trapped flux by the 

ferromagnet in the remanent state. Such a magnetic shielding effect leads to a marked reduction of 

the magnetic field in the air on the ferromagnet side. This observation, although at first sight 

surprising, yields the following practical conclusion: if the superconducting permanent magnet is 

used to produce magnetic field in the air, a ferromagnet should not be added on the side where the 

magnetic field is produced. However, if the relevant quantity is the average flux density trapped in 

the volume of the superconductor, a ferromagnet is helpful in increasing the trapped flux since its 

effect is similar to doubling the height of the superconductor, and therefore the aspect ratio of the 

configuration.  

In addition to the previous observations, it is of interest to compare the average flux density of the 

C1 hybrid structure – as measured by the coil wound around the entire height – to that measured (i) 

for the superconductor only and (ii) for this hybrid structure C1 when the superconductor is in an 

unmagnetized state (i.e. above its critical transition temperature). Figure 9(a) shows the hysteresis 

curve measured at 77 K using the coil wound around the entire sample thickness for the 

superconductor only. Figure 9(b) shows the hysteresis curve of the ferromagnet measured using the 

same coil arrangement for the bulk sample (there are no turns around the ferromagnet) measured at 

100 K. Figure 9(c) compares the data resulting from the simple numerical addition of the two 

previous measured curves (red data points) and the true experimental data for the hybrid structure 

at 77 K (blue data points). Similar results were obtained in the four configurations (C1 to C4) for the 

hysteresis measurements of the bottom Hall probe and the coil over the entire height, as well as in 

configuration C1 with the bottom, middle and top coils. Figure 10 shows the modelled hysteresis 
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curves corresponding to those of figure 9 (c), obtained by solving the Campbell’s equation as 

described in section 3.  

 

Fig. 9. Magnetic hysteresis loops measured with the coil wound around the entire height of the superconductor 

for (a) the superconductor only at 77 K, (b) the small ferromagnetic disc only at 100 K (    ), (c) the hybrid 

structure involving this small disc at 77 K (blue). The red curve represents the addition of loops (a) and (b). The 

insets show a sectional view of each configuration. 

 

Fig. 10. Modelled magnetic hysteresis loops obtained by solving the Campbell’s 

equation for the hybrid structure C1 (blue). The red curve was computed in the 

same way as the red curve in figure 9 (c). 

Clearly, the hysteresis data in figure 9 show that the magnetic flux density measured for the hybrid 

structure approximates very well to the simple superposition (i.e. addition) of the individual 

hysteresis curves of the ferromagnet and the superconductor. The curves are in a particularly good 

agreement for applied magnetic fields exceeding the apparent saturation field of the ferromagnetic 

component (            ). It is worth noting that this apparent saturation field may differ 

substantially from the intrinsic saturation field of the ferromagnet for two reasons: (i) the measuring 

coil probing the magnetic flux (figure 9 (b)) is wound below the ferromagnet and (ii) the low aspect 

ratio of the ferromagnetic disk gives rise to a large demagnetizing field. When the ferromagnet is 

saturated totally by the external field, the flux densities due to the ferromagnet and the 

superconductor simply add together. Below this saturation limit, however, the non-uniformity of the 
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field may lead to saturation of only some regions of the ferromagnet, and the attraction of the return 

flux lines to the non-saturated regions of the ferromagnet explains the increase of the remanent 

induction, as described previously. Remarkably, the results obtained by numerical modelling (figure 

10) display the two main qualitative features observed in the experiment, i.e. the additive behaviour 

at large fields and the larger trapped field for the hybrid configuration compared to the simple 

numerical addition. The quantitative agreement between figure 9 (c) and 10 is also excellent and 

underlines the suitability of the modelling method to describe the F/S assemblies as well as the 

importance of using accurate data on the two materials (ferromagnet and superconductor) through 

preliminary experimental characterization.  

4.2.3 Influence of the ferromagnet shape and size 

In this final section we examine how the shape and size of the ferromagnet placed against the 

superconductor modify the previous results obtained with the thin ferromagnetic disc. Figure 11 

shows the hysteresis curves measured with the coil wound around the entire height of the 

superconductor for the different F/S hybrid structures described in figure 3. The curve for the 

superconductor only is also shown (blue dots) for comparison. Table 1 summarizes the respective 

volumes of the ferromagnetic components and the corresponding remanent inductions of the curves 

in figure 11. Each hysteresis loop exhibits a combination of diamagnetic and ferromagnetic 

behaviour, as is the case for the configuration with the thin disc (C1). The slope at the origin of the 

axes remains unchanged by the presence of the ferromagnet, although its presence leads to a 

change of sign of    as the applied field increases. It can be seen further that the maximum of the 

curve appearing around     (strictly speaking, at a slightly negative applied field for the 

superconductor only) is shifted to the right and appears now for a positive applied field for all 

configurations of the hybrid structure. The remanent induction (measured at zero applied field) is 

also increased by the presence of the ferromagnetic component, as listed in table 1.  

 

Fig. 11. Magnetic hysteresis loops measured with the coil wound around the entire 

height of the superconductor for the superconductor only (blue dots) and the four 

F/S configurations shown in figure 3: C1 (1.90 mm disc, navy blue circles), C2 

(inverted cone, green triangles), C3 (ring, red empty circles) and C4 (2.90 mm disc, 

orange squares). 
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Table 1. Evolution of the average remanent induction for the configurations C1 to 

C4 (see figure 3) compared with the volume of the ferromagnet (F). The 

superconductor (S) has a volume of 1351 mm
3
. 

 

F/S hybrid 

 

 

Volume: S+F 

(mm3) 

 

     

(T) 

Increase 

of      

(%) 

S only 1351 0.168 -- 

C1 1351+406 0.196 16 

C2 1351+418 0.196 16 

C3 1351+414 0.189 12 

C4 1351+623 0.198 18 

 

The comparison of the four hybrid configurations can be made (i) with two components of the same 

shape (disk) and different volumes (C1 vs. C4) or (ii) with three ferromagnetic components of 

(almost) the same volume but with different shapes (C1 to C3). This comparison is based here on the 

measurements with the coil wound around the entire height of the superconductor and similar 

results were obtained for the three other coils (top, middle, and bottom). The Hall probes do not lead 

to significant conclusions about the effect of the shape of the ferromagnet since the top probe is 

partially shielded by the ferromagnet and the bottom one is too far to detect a significant effect of 

this ferromagnet. 

The quantitative effects described above increase in magnitude as the volume of the ferromagnet 

increases. The increase of remanent induction is also higher for a larger volume, although this 

increase varies more slowly than in direct proportion. More precisely, the 2.90 mm thick disc, with a 

53% larger volume than the 1.90 mm disc, leads only to a 10% larger increase of the remanent 

induction (from 16% to 18%).  

The shape effect can be appreciated by comparing the results for the small disc (C1), the inverted 

cone (C2) and the ring (C3). As can be seen from figure 11, the ring produces the smallest increase of 

the remanent induction (12%), while the disc and the inverted cone both lead to an increase of 16%. 

Such behaviour can be understood qualitatively as follows. Whereas they both have the same 

volume, the ring is thicker than the disc (2.88 mm compared to 1.90 mm) and does not cover the 

centre of the superconductor. The most distant part of the ferromagnet has a small effect on the 

induction inside the superconductor, as observed from the measurements on the discs. These 

observations suggest that the presence of ferromagnetic material against the whole surface of the 

superconductor is important. It is therefore preferable to locate the ferromagnet as close as possible 

to the superconductor. In addition, a thinner ferromagnetic disk than those investigated here could 

yield a better effect:volume ratio. Hence, the effect:volume ratio of the ferromagnet could be 

maximized for a specific ferromagnet volume. The experimental results show further that the 

inverted cone geometry and the 1.90 mm thick disc produce a similar increase of the remanent 

induction in the hybrid structure, despite the inverted cone being slightly larger (3.2%) than the disc. 

The present measurements provide only a limited explanation of this observation, but it could be due 

to the uncertainty of the measurement, a consequence of different return paths of the magnetic flux 
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or the fact that the ferromagnet is subjected to a highly non-uniform magnetic field and may contain 

saturated and non-saturated regions.  

The position of the maximum magnetization for negative applied fields in the case of a pure 

superconductor has been associated with a minimization of the magnetic flux inside the material (i.e. 

consisting of the sum of the applied field and the trapped field), which leads to an increase in the 

field dependent critical current [53]. The observed shift of the position of these maxima to positive 

applied fields for the hybrid F/S structure suggests that the increase of the remanent field is related 

to the closing of the return flux lines outside of the superconductor. As discussed above, the 

ferromagnet acts as a magnetic short-circuit and channels the return path of the magnetic flux 

outside the body of the superconductor.  

5 Conclusion 
The magnetic properties of hybrid structures made of a soft ferromagnet attached to a bulk, large 

grain superconductor (F/S) were characterized both experimentally and numerically. Surface (Hall 

probe) measurements were compared to volume measurements carried out using four coils wound 

around the entire height and around the top, middle and bottom sections of the superconductor. 

Numerical modelling using the Brandt method and Campbell’s equation were performed to draw 

important conclusions about the magnetic flux distribution in and around the assemblies. 

In the first series of experiments and modelling, we focused on the experimental technique that was 

used for obtaining volume magnetic properties on large bulk samples, with or without ferromagnet. 

We have shown that sensing coils wrapped around the superconductor enable “quasi”' DC (i.e. low 

sweep rate) magnetic hysteresis loops to be measured on large, bulk samples. We have pointed out 

the quantitative differences between the as-measured hysteresis loop and the “true” DC 

magnetization loop predicted numerically. Despite these differences, this experimental technique is 

helpful for characterising, in a non-destructive way, the volume magnetic properties, as the field-

dependent critical current, of whole large superconducting samples whose dimensions exceeds the 

maximum size of classical DC magnetometers.  

Hybrid F/S structures were also studied as part of this investigation. Surface measurements using Hall 

probes showed that the probe placed against the ferromagnet is screened by the ferromagnet, 

whereas that placed against the opposite face of the sample is too distant to detect significant 

modifications of the magnetic induction caused by this component. The fact that the ferromagnet 

acts as a shield by concentrating and deflecting the magnetic flux lines produced by the 

superconducting magnet emphasizes that such a ferromagnetic element should not be placed in a 

zone where a large magnetic field in the air is desired. As far as the volume magnetic flux through the 

superconductor is concerned, however, the effect of the ferromagnet is beneficial to the trapped 

flux. This effect was studied using sensing coils wound around the superconductor. The 

corresponding hysteresis loops show a combination of diamagnetic and ferromagnetic behaviour, 

with the ferromagnet having a larger effect on the sections of the superconductor in closer proximity 

to its position. Measurements using the coil wound around the entire sample give insight on how the 

two materials interact with one another. An important point is that the presence of the ferromagnet 

increases the remanent induction inside the superconductor in all the configurations studied in this 
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investigation. This behaviour can be understood by considering the return path of the magnetic flux 

in the ferromagnet, which decreases the curvature of the flux lines within its interior. It is found by 

comparing ferromagnetic disks of different volumes that a larger ferromagnet has a more significant 

effect on the whole hysteresis loop of the superconductor, but this effect varies less than 

proportionally to the increase in the ferromagnet volume. The beneficial effects on the remanent 

induction are enhanced by comparison of various ferromagnet shapes with the same volume when 

the ferromagnet covers the entire surface of the superconductor.  

Finally, the relation of the hysteresis cycle of the hybrid F/S structure to that of its two constituent 

materials characterized separately has been investigated experimentally. The results are in excellent 

agreement with the predictions of finite element modelling. The hysteresis effects of the 

superconductor and the ferromagnet simply superimpose at high applied field (i.e. exceeding the 

apparent saturation of the ferromagnet). Remarkably, this behaviour is observed above the 

ferromagnetic saturation limit for all the configurations studied in this investigation. Below this level 

of applied field, the ferromagnet probably contains saturated and non-saturated regions. It seems 

that such simple “additive” behaviour can be used effectively as a “rule of thumb” for predicting the 

magnetic behaviour of larger or more complex hybrid structures involving ferromagnets and bulk 

superconductors. 
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