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Behavior of Bulk Melt-Textured YBCO Single
Domains Subjected to Crossed Magnetic Fields

Ph. Vanderbemden, S. Dorbolo, N. Hari-Babu, A. Ntatsis, D. A. Cardwell, and A. M. Campbell

Abstract—We have experimentally investigated the crossed properties are controlled by flux-line pinning as well as
magnetic field effects on bulk melt-processed YBCO single flux-line cutting, i.e., the cross joining of nonparallel vortices
domains. The samples were first permanently magnetized along a4 thejr intersection. In order to describe the experimental

their c-axis and then subjected to several cycles of a transverse b ti | th tical h d | d
magnetic field parallel to the ab planes. The magnetic properties ODSEIVALons, Several teoretical approaches were teveloped,

along thec and ab directions were simultaneously measured using @mong these the double critical-state model [5], the two-ve-
a couple of orthogonal pick-up coils as well as a Hall probe placed locity hydrodynamic model [6] and numerical methods [7]
against the sample surface. The effects of both sweep amplitudeinvoh,ing a 3D extension of the Bean model [8].

and polarity were investigated. Field sweeps of alternate polarities It is now well established experimentally that the magnetiza-

are shown to affect the decay of thec-axis magnetization much tion M. of a t I ducti le ol di
more strongly than field sweeps of unique polarity do. However, 10N A OF a type-ll superconducting sample placed in an ex-

the c-axis magnetization does not show any saturation even after ternal dc magnetic field?. is strongly decreased by applying a

a large number of field sweeps. Next, a micro-Hall probe scanning magnetic fieldH,, perpendicular to both/, and#, [9], [10]. It
system was used to measure Fhe distribut_ion of magnetic induction has also been observed [11]-[14] that subsequent sweeps of this
over the top surface of the single domain subjected to the same transverse fieldZ, give rise to further reductions a7, down
combination of magnetic fields. The results are shown to be v . L = -
consistent with those determined with the sensing coils and bring to some value corresponding to the limit case for whitis

out the role played by geometric effects. an ac magnetic field applied orthogonal to the dc fiéld [6],
Index Terms—Critical current, crossed fields, magnetic mea- [15]. These _phe_nomena have been Obs_erved even when the filt
surements, melt-textured (RE)BCO materials. of the total field is smal( H, < H.), but it should be empha-

sized that, in all cases, the magnitude of the transversefigld
is comparable to the penetration field paralleyto
The aim of the present paper is to complement the set of ex-
HE potential of bulk melt-processed YBausO, perimental investigations mentioned above through carrying out
(YBCO) single domains to trap significant magnetispecific crossed-field measurements on large bulk YBCO arti-
inductions at 77 K makes them particularly attractive for a vdacts. The chosen magnetic field configuration, which no theory
riety of engineering applications including permanent magnet®s attempted, corresponds to that used in electrical machines
magnetic bearings and brushless ac machines [1]-[4]. In maanyd for which the permanent magnetic momght) and the
topologies to be envisaged for designing an efficient electridgahnsverse field|| ab) are directed respectivelyerpendicular
motor based on superconductors, the bulk YBCO piece asdparallel to the largest face of the pellet. This geometry will
permanently magnetized parallel to itsxis and placed in the also enable us to measure thistributionof thec-axis magnetic
machine rotor [3]. In this configuration, the rotating magnetittux before and after applying the field sweeps in titedirec-
field produced by the stator windings causes the supercdion.
ducting single domain to experience an alternating magnetic
field component parallel to itab planes and interacting with
the c-axis magnetization. This corresponds thus to a situation
where the material is subjected to crossed magnetic fields.  Bulk melt-processed YBCO single domains were prepared by
The problem of irreversible type-Il superconductors sulatop seeding technigue described in [16]-[18]. The disk-shaped
jected to crossed fields is quite intricate because the magnetanples have atypical size of 2 cm diameter and 1 cm thickness.
The specimen was first permanently magnetized along the
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. INTRODUCTION

Il. EXPERIMENT
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The spatial distribution of the trapped magnetic inductionwas , 19
also measured by scanning a miniature Hall probe fixedtoa = g 4
motor-drivenzyz micro-positioning system over the top surface ‘2 0.8 -
of the specimen parallel to bothandy with a step size of 1 S
mm in each direction. The distance between the Hall probeand S 0.7
the sample was 1 mm, the active area of the Hall probe was 0.1 2 ¢
mm x 0.1 mm. =]
Prior to performing any measurement sequence, the sample g 057 10
position was carefully adjusted abo¥e in order to make sure 8 044 2 ol s . :
the Hall probe signal was sensitive to thaxis component of S 03l & o8 °.° et
the local induction only and not to the field sweeps parallel to the _g ' g 07 e ° L
ab planes. Then the sample was firmly clamped to preventthe ® 0-2 g 06 . °
m_agnetip_torque generated by the crossed fields from modifying % 0.1 0'5010 04 02 03 04 UH (T)
this position. . . _ Z 4o I | .
A commercial Quantum Design Physical Property Measure- 02 04 0.0 oA 0.2

ment System (PPMS) was used to carry out additional AC and ) _
DC magnetic measurements on small pieces extracted from the Applied magnetic field p,H || ab (T)
single domain.
Fig. 1. Comparison of the average and the central indudfienduring the
application of a cycle of transverse figlldab. The inductions are normalized
[ll. RESULTS AND DISCUSSION with respect to their initial value. Inset: field amplitude dependence of the
L. normalized induction after the application of the first sweep.
A. Sample Characterization

Beforeperforming the crossed-fields experiments, the mag- 1.0
netization loopsV/ ( H) of the whole pellet were measured with ; ______ full cycles
the field applied in one definite direction. The full-penetration S 09 | — halfcycles
fields pH, determined fotH || ab andH || c are 0.25 T and =
0.32 T respectively. This latter value confirms that a field cooled 3 08 - e
(FC) procedure under 0.5 T (the maximum field which could be =N
applied with the experimental system described above), is suffi- @ | ...
cient to generate the maximum remanent magnetization of our % o7+ T
sample. The correspondingaxis induction given by the Hall E
probe stuck at the sample center is 0.22 T, which is smaller than 2 0.6 UUTTRIT
the expected central value, i.ee.H,, || ¢ = 0.32 T. This under- A0

lines the fact that the AREPOC Hall probe gives us the induction 02  -0A1 0.0 0.0 0.2

averaged over its own surface, and not the true central value.
After having performed the crossed-fields experiments, sev-

eral cubic samples were extracted from the original disk-pell,%. 2. Comparison of the decay of the central induction caused by full and

and their magnetic properties were measured in order to iaf (positive) cycles of the transverse magnetic field.

vestigate the homogeneity of the superconducting properties

throughout the material. Both. and.J. were found to decrease yjized inductions after each first sweep— Hy.. — 0 are

going from the top to the bottom surface, whereas the hOMQimmarized in the inset of Fig. 1. As can be seen, the relative
geneity going from the center to the edge of the disk was quilects of a transverse field are always more marked( £y
satisfactory. Thi_s implies two consequences which are _relev%n forB(r = 0). Qualitatively speaking, such a behavior sup-
to the crossed-fields measurements presented below[iFat orts the picture in which the transverse field may destroy the
77 K, the true superconducting part of the sample is “thinner, _njane currents flowing at the outer perimeter of the sample,
than the geometric thickness of the disk, and (ii) the field distri;,ce the effects of a suppressionjbfflowing near the sample

bution measured over the top-surface of the disk reflects the iyqes will always be stronger for the average induction than for
trinsic behavior of vortices and not an extrinsic behavior caus% central value.

by macroscopic inhomogeneities.

Applied magnetic field p H || ab (T)

The influence of the polarity of field sweeps is shown in Fig. 2
which compares the effects of full cycles Bf || ab (oscillating
between+ H,,.. and —H,,,) to those of half cyclesH os-

Fig. 1 shows the influence of magnetic field sweeps paralleillating betweent H,,,. and 0). The alternate polarity sweeps
to the ab planes on the averageaxis trapped inductiofB) are shown to affect the decay of thexis magnetization much
(measured by the sensing coil). The behavior ofth&is induc- strongly than sweeps of unique polarity do. In view of applica-
tion in the central zon&(r = 0) (measured by the Hall probe)tions in machines, it is of interest to investigate the influence
is plotted on the same graph. Both parameters are normalizéd large number of such sweeps on the remanent magnetiza-
with respect to their initial value. The experiment was repeatéidn. The results are presented in Fig. 3 which displays the nor-
for different field amplituded7.,,.«|| ab, and the remaining nor- malizedc-axis central induction at the end of each half-cycle.

B. Measurements in the Crossed Fields Configuration
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Number of field sweeps || ab Fig. 5. Flux profiles measured along the direction perpendicular to the

transverse magnetic field.
Fig. 3. Log-log plot of the central induction at the end of each half cycle for

two different transverse field sweep amplitudes. o . . . .
the distribution of the trapped induction along the directions re-

ssof I T . T spectively paralle{z) and perpendiculdty) to the fieldH || ab.
Initial ] The initial profiles along both directions display a symmetric
= " lstsweep | 1 structure, thereby confirming the homogeneity of the single do-
g 100 A 2nd sweep . . 1 main.
" . * . Owing _to the cylin_drical symmetry of the s_amplg, one might
c .l . . . ] expec_t this geometric effect not to affect the_ |nd_uct|on measure-
el . a" "a e ment in ther = 0 plane. Therefore the genuine influence of the
g e * " :' P P RITTP transverse field on the-axis magnetization can be observed in
T o e . got . . ,T a the B.(xz = 0,y) plot. Indeed, the corresponding flux profiles
£ gy (Fig. 5) are almost symmetrical with respect the= 0 axis.
e L The field sweeps are seen to affect the flux profile in such a way

they produce relatively 'flat’ zones in theuterperimeter of the
sample where the induction B nearly drops to 0. This agrees with
Fig. 4. Flux profiles measured along the transverse magnetic field directiof€ results presgnted in Fig. 1, for which itwas speculated that
the transverse field affects the external shielding currents.

Since each of these causes the induction to drop by smaller an@S €xpected, the transverse field reduces:tagis induction
smaller amounts, a log-log plot was used to analyze the ddtyt Perceptible differences appear between:ttendy direc-
The striking feature appearing in Fig. 3 is that thaxis mag- tions. First we examine the field distribution along theaxis

netization does not show any apparent saturation even aftdf |9 4)- TheB.(z,y = 0) plots are slightly tilted as indicated
large number of field sweeps. More precisely, thexis induc- by the arrows in Fig. 4. This behavior can be understood qualita-

tion B vs. cycle numbelV curves can be fitted using a poWertively by considering demagnetization effects and by taking into
law B ~ N—", with the exponent being directly related to the 2ccount that the Hall probe is located at a finite distance from
transverse field amplitud& .. In the future, it would be in- the sample top surface. After the first sweep, the sample is per-

teresting to compare these results to those obtained by applyiignently magnetized along theaxis. Since the induction lines

an orthogonal ac magnetic field (e.g., 50 Hz) for a long time '€ ne.cessarlly closed, they find a return path in .the free space,
order to estimate the number of field sweeps required to red@rParticular above the top-surface of the disk. This produces an
the saturation value mentioned in the literature [6], [15]. additionalz-component of the induction measured by the Hall

From the above experimental resullts, it can be concluded tR5pPe- This component is positive for> 0 and negative for
the decay of the-axis magnetization witib-plane field is a © < 0 r_esultlng in a distorted flux profile. Measurements with
complex process and that the junction between the transififlds directed toward: < 0 (not shown here) yield the oppo-

study (i.e., the first sweeps) and the ac regime might involhsite phenomenon..Therefore the behavior depicteq in Fig. 4.is
a very large number of field sweeps. merely a geometric effect caused by the trapped induction in

the transverse field direction.

Distance x (mm)

C. Hall Probe Mapping Results

The influence of a transverse magnetic field on the trapped IV. CONCLUSION

magnetic flux distribution has been illustrated by performing the In the present study, the properties of a bulk melt-textured
following experiment. The sample was first magnetized alongBCO single domain of large size have been measured in the
thec-axis and the trapped flux profile was recorded. Then a fiettossed-field configuration using different techniques. The ob-
woH = 0.5 T || ab was applied along the > 0 direction, tained results agree with each other and provide an experimental
switched off and the flux mapping was carried out again. Thevidence that the application of a magnetic field orthogonal to
same procedure was repeated a second time. Figs. 4 and 5 sth@nrtrapped field causes a suppression ofdhelane currents
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flowing at the sample perimeter. It has also been found that thg7]
induction decay caused by a large number of transverse field
sweeps follows a power law whose exponent is related to tth]

sweep amplitude.
(9]
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