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The irreversible magnetization of finite melt-textured YBa2Cu3O7 rings in perpendicular applied fields,
affected by demagnetizing effects, is presented. The influence of the ring aspect ratio on the initial flux
penetration and magnetization loops is studied by Hall probe and SQUID magnetometry. A general method-
ology based on the critical state model is developed in order to determine the critical current density from the
field of full penetration Hpen in finite rings. We demonstrate that due to the field dependence of the critical
current, the full penetration field Hpen of a finite ring does not coincide in general with the “kink” appearing in
the initial magnetization curve. However, under certain conditions �very thin/narrow rings, or weak Jc�H�
dependence� the two fields collapse, and the critical current density can then be easily determined from the
“kink” in the initial magnetization curve. In this latter situation, we develop an expression to determine the
critical current density from the magnetic field measured at the center of the ring by Hall probe magnetometry.
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I. INTRODUCTION

Ring-shaped YBa2Cu3O7 �YBCO� superconductors are
key components in power applications such as magnetic
bearings1,2 or inductive fault current limiters.3–6 In addition,
superconducting rings provide a suitable geometry to make
very sensitive inductive measurements allowing the determi-
nation of the critical current density Jc in single-crystalline
samples,7–10 or the intergranular critical currents in polycrys-
talline rings.11,12 The recent development of techniques for
welding bulk melt-textured YBa2Cu3O7 materials13 has re-
newed the interest for this geometry, since the joint perfor-
mance can be evaluated with a very low voltage criterion
��10−12 V�, without making electrical contacts.14–16 How-
ever, the typical finite dimensions of these rings hinders the
straightforward application of the existing expressions of the
Bean critical state model17 for infinitely long, or very thin
superconducting rings.18 Hence, the understanding of the ir-
reversible magnetic behavior of melt-textured bulk YBCO
rings in the presence of perpendicular applied fields is a pre-
requisite for the correct determination of the critical currents.

In finite rings, the open connected geometry of the sample
together with the important demagnetizing effects
occuring19,20 combine to give peculiar field distributions
along a hysteresis cycle, different than those expected for an
infinitely long cylinder in Bean’s critical state model.17 The
flux penetration and magnetization curves21 as well as the ac
susceptibility22 of very thin rings have been theoretically
studied by Brandt. He proposed an approximate analytical
expression for the full penetration field in Bean’s approxima-

tion. In addition, the magnetic behavior of thin-film rings has
been experimentally studied by dc magnetometry,23 ac
susceptibility,24,25 and magneto-optical imaging.26 The case
of melt-textured rings with intermediate finite dimensions,
typically in the order of Ri�1.5 mm internal, R0
�2.45 mm external radii and L=0.1–2 mm thickness, has
not been systematically described yet.

In this paper we present a study of the irreversible mag-
netic behavior and the corresponding determination of the
critical current density of melt-textured YBCO finite rings in
the presence of perpendicular applied fields. The paper is
structured as follows. In Sec. II we describe the experimental
Hall probe imaging system employed for the ring magnetic
characterization, and the numerical model used to calculate
the finite superconducting ring’s main magnetic characteris-
tics. Section III A shows the influence of the ring’s finite size
on the magnetic field profiles. In Sec. III B we present ex-
pressions for the determination of the critical current density
Jc�H� dependence of finite rings, from either the integral
magnetization loop M�H� or the magnetic field induction
cycle Bc /�0�H� at the center of the ring, measured by Hall
imaging magnetometry. Section III C deals with the estima-
tion of the critical current density from the full penetration
field for finite rings, under the Jc constant approximation. In
Sec. III D we will show how the Jc�H� dependence influ-
ences the magnetization M�H� curves of finite rings and de-
scribe the correct methodology that allows the Jc determina-
tion for arbitrary ring sizes. The conclusions are presented in
the last section.
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II. EXPERIMENT AND MODELING

Melt-textured YBa2Cu3O7 rings were obtained from cy-
lindrical pellets grown by the top-seeding method, following
processes previously described.14,27,28 The starting composi-
tion of the samples was either �i� a 75:25 mixture of
Y123:Y211 powders with a 0.2 wt. % of PtO2,14,27 or �ii�
69 wt. % Y123+ 30 wt. % Y211+ 1 wt. % CeO2.28 Both
methodologies gave high-Jc samples. Each pellet was sliced
perpendicular to the c axis in disks of different thickness L
ranging from 0.17 to 1.25 mm. Rings with an external diam-
eter of �5 mm and inner diameter �3 mm were extracted
from the disks by core drilling. Since the rings come from
different pellets, the spread in Jc due to different material
properties had to be taken into account. In order to minimize
the effect of the Jc spread and focus only on the influence of
the finite size of the ring, one of the rings �R125� was pro-
gressively thinned by polishing. Table I summarizes the di-
mensions of the rings analyzed. The normalized aspect ratio
parameters �=Ri /R0 and �=L /R0 have been introduced.

A Hall probe magnetic imaging system29 was employed to
obtain magnetic field induction distribution maps Bz�x ,y� of
the rings at 77 K under magnetic fields in the range of
0–1 T, applied parallel to the c axis. This Hall imaging tech-
nique has been already widely tested in the characterization
of other kind of superconducting samples, like YBCO
cylinders,30 YBCO/Ag/YBCO welds31,32 or single-crystal
YBCO foams.33 The Hall probe used had an active area of
0.1�0.1 mm2 and was rastered at a flying distance of h
�80 �m through the polished surface of the ring in steps of
160 �m. The system allows either recording the remanent
Bz�x ,y ,0� image after cooling the sample under an applied
field �FC process�, or the successive Bz�x ,y ,H� images as the
external magnetic field is increased, after zero-field-cooling
the sample �ZFC process�. In addition, the magnetic field
induction cycle Bc�H� at the central ring axis, at a distance
�80 �m from the ring surface was also recorded in just a
few minutes time.

Additionally, the magnetic moment m�H� of the rings was
measured using a commercial superconducting quantum in-
terference device �SQUID� magnetometer from Quantum
Design �range 0–5.5 T, 5–300 K�, a noncommercial low-
field �range 0–200 G, 4–100 K� SQUID magnetometer or a
vibrating sample magnetometer �VSM� from Lakeshore
�range 0–7 T, 4–100 K�.

On the other hand, a numerical method34 was used to
compute the characteristic curves describing finite rings.35

The model basically solves the critical state in cylindrical
coordinates assuming the ring to be composed of radial paths
of current. The distribution of currents within the ring are
obtained by minimizing the magnetic energy of the super-
conductor. Once this is known, the Bz�x ,y ,H� profiles at a
distance z above the ring and the M�H� magnetization curves
can be calculated. A solution can be obtained for both con-
stant and field-dependent critical current density. This same
theoretical approach was used to treat the critical state of
finite cylinders.34

III. RESULTS AND DISCUSSION

A. Finite size effects on the rings field profiles

Within Bean’s critical state model,17 a ZFC infinitely long
ring, under an increasing applied perpendicular magnetic
field, would become fully penetrated by supercurrents at the
field: Hpen

� =Jc�R0−Ri�, where R0 and Ri are, respectively, the
external and internal radius of the ring. Field penetrates
uniquely from the external radius of the ring, and the last
penetrated point in the superconductor is at Ri. The center
hole of the ring is completely magnetically shielded till Hpen

�

is reached.
In finite rings, however, important demagnetization ef-

fects occur. Local fields Hr, owing to the shielding currents
circulating in the ring, can close through the external surface
of the ring but also via the central hole �Fig. 1�a��. Hence,
during initial flux penetration, a magnetic field Hi=H−Hr is
present inside the ring hole, even for applied magnetic fields
smaller than Hpen

� . As the applied field increases, flux pen-
etration into the ring body progresses from two fronts simul-
taneously �Fig. 1�b��: from R0 to the ring body, due to the
external field, and from Ri to the ring body radius, due to the
field inside the hole. The last penetrated point in the super-
conductor and the full penetration field depend on the par-
ticular dimensions of the ring.

In order to study experimentally such finite size effects,
we measured by Hall probe imaging the initial magnetic field
distribution Bz�x ,y ,H� profiles of ZFC rings with different
aspect ratio, �=0.5,0.07,0.27 �Figs. 2�a�–2�c��. Note that for
all measured rings, a field inside the ring exists even below
the field of full penetration, due to the flux lines of the local
field Hr that close up via the central ring hole. These flux
lines close up also via the external ring surface, resulting in a
total field H+Hr close to the wall larger than the applied
field, as observed in the measured profiles �e.g., Fig. 2�b��.
These peculiar features have been also reported in thin-film
rings studied by magneto-optical imaging.26 The demagneti-
zation effects become more important, and the profiles tend

TABLE I. Dimensions of the rings investigated. Internal radius
Ri, external radius R0, thickness L, and aspect ratio figures �
=Ri /R0 and �=L /R0.

Sample
Ri

�mm�
R0

�mm�
L

�mm� �=Ri /R0 �=L /R0

R017 1.63 2.45 0.17 0.67 0.07

R028 1.63 2.45 0.28 0.67 0.11

R053 1.63 2.45 0.53 0.67 0.22

R065 1.63 2.45 0.65 0.67 0.27

R07 1.63 2.45 0.70 0.67 0.29

R08 1.63 2.45 0.80 0.67 0.37

R125
�polished�

1.60 2.50 1.25 0.64 0.50

1.10 0.64 0.44

0.89 0.64 0.36

0.60 0.64 0.24

R063 1.02 2.42 0.63 0.42 0.26
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to be sharper for thinner rings, as can be appreciated in Figs.
2�a�–2�c�. For the thinnest ring measured �R017�, the
Bz�x ,H� profiles resemble the curves calculated by Brandt
for thin-film rings.18

We have also reproduced theoretically the observed finite
size effects, by computing the Bz�x ,H� field distributions
with the help of a numerical program.34,35 Figure 2�d� shows
the calculated Bz�x ,H� profiles for the parameters of ring
R017. The Jc�H� dependence of the sample, which was ob-
tained from the measured magnetic moment cycle m�H�, was
entered as an input in the calculation. The profiles were cal-
culated at different distances h=z−L /2 between ring surface
and the Hall probe. Figure 2�d�, left shows that the computed
profiles become more rounded as h increases, as it may be
expected. When the actual experimental gap of our setup
�h�80 �m� is considered, a good qualitative agreement be-
tween the computed �Fig. 2�d�� and the measured �Fig. 2�c��
curves is observed.

B. Hysteretic magnetization

The influence of the ring aspect ratio on the hysteretic
magnetization cycles was studied by in-field Hall probe mag-
netometry. The local magnetization distribution maps as a
function of the applied magnetic field were obtained by sub-
tracting the applied magnetic field H from the measured

Bz�x ,y ,H� maps. By integration over the scanned area S, a
hysteretic cycle �B /�0−H��H�, directly proportional to the
sample hysteretic magnetization M�H�, is obtained:

�B/�0 − H��H� =
1

S
� � 	Bz�x,y�

�0
− H
dxdy =

M�H�
k

. �1�

Only a field-independent constant k, related to the geometry
of the sample and the height of the scanning Hall probe is

FIG. 1. �a� Typical dimensions and schematics of the field pen-
etration in a ZFC finite ring. �b� Current circulation in a cross sec-
tion at height z. In full penetration, the external and internal flux
penetration fronts meet at Rfull�z�.

FIG. 2. Measured Hall probe Bz /�0�H� profiles along a diamet-
ral cross section for three rings with different aspect ratios: �a� R125
��=0.5�, �b� R065 ��=0.27�, and �c� R017 ��=0.07�. �d� Calcu-
lated Bz�H� profiles for ring R017. Right: at a height h=80 �m
from the sample. Left: at different heights: h=80 �m �continuous
line�, h=200 �m �dotted line�, and h=500 �m �dashed line�.
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needed to correlate the �B /�0−H��H� cycle obtained by Hall
magnetometry with the magnetization M�H�=m�H� /V
�where V is the ring superconducting volume� directly mea-
sured with a SQUID magnetometer.29 The constant k can be
determined theoretically as follows: a numerical method34,35

is used to compute the current distribution in the sample,
from which on one hand the sample magnetization M, and on
the other the integrated magnitude �B /�0−H� at the Hall
probe flying distance are calculated. k is then just the ratio
k=M / �B /�0�. A good agreement ��5% � between the ex-
perimentally determined and calculated k constants was
found for rings of different dimensions �R065, k=113; R017,
k=268�, thus demonstrating that Hall probe imaging could
be used as an alternative to SQUID magnetometry for the
determination of the magnetization cycles.

The critical current density dependence as a function of
the applied field can then be obtained from the magnetization
cycle M�H� deduced from the integrated �B /�0−H��H� mea-
sured by Hall probe imaging �Eq. �1��, using the analytical
relation for finite rings developed in Ref. 35:

Jc�H� =
3�M�H�

R0
�1 +

�2

1 + �
�−1

, �2�

where �M�H� is the width of the magnetization loop in the
saturated region.

On the other hand, thanks to the cylindrical symmetry of
the problem, it is possible to extract Jc�H� from the magnetic
field induction measured at the center of the ring Bc /�0�H�,
instead of from the integrated �B /�0−H��H� cycle. This pos-
sibility was applied, e.g., in Ref. 10, and discussed by
Surzhenkho et al.15 in the context of the determination of
grain boundary critical currents in ring-shaped superconduct-
ors. It is easily deduced from Biot-Savart’s law that the total
field on the central axis created by a totally penetrated ring at
a distance z from the central plane of the ring is36:

Bc =
�0

2
Jcf�Ri,R0,z�;

f�Ri,R0,z� = �L/2 − z�ln�R0 + R0
2 + �z − L/2�2

Ri + Ri
2 + �z − L/2�2 �

+ �L/2 + z�ln�R0 + R0
2 + �z + L/2�2

Ri + Ri
2 + �z + L/2�2 �. �3�

Therefore, the critical current field dependence is Jc�H�
=�Bc /�0f�Ri ,R0 ,z�, where �Bc=Bc

+−Bc
− is the cycle width

in the fully penetrated region. The advantage of this determi-
nation technique is that Bc /�0�H� can be simply and quickly
measured with the help of just a Hall probe placed at the
central ring axis at a distance h above the surface. Therefore,
this setup could be easily installed in a cryogenic facility for
the simple and fast acquirement of Jc�H ,T� curves.

The equivalence of the two Jc�H� determination methods
is exemplified for ring R125. The �B /�0−H��H� and
Bc /�0�H� cycles measured by Hall magnetometry are shown
in Fig. 3�a�. The Bc /�0�H� cycle is tilted with respect to the

�B /�0−H��H� cycle because the Hall probe at the ring center
senses the sum of the field due to the induced currents and
the applied field. Figure 3�b� shows the Jc�H� dependences
obtained from the �B /�0−H��H� cycle and Eqs. �1� and �2�
with a calculated factor k�145 for this ring, and from the
Bc /�0�H� cycle and Eq. �3�, with z=h+L /2�1.33 mm. A
reasonable agreement is observed between the Jc�H� curves
determined by the two methods. It is also important to note
that the magnetic field position of the “kink” in the initial
curve Hmin of both cycles coincides �Fig. 3�a��. Therefore,
the Jc determination based on the measurement of this point
presented in the following sections will be possible by using
indistinctly the integral �B /�0−H��H� or the Bc /�0�H�
cycles.

C. Penetration field in the Bean approximation

The full penetration field Hpen of a ring, defined as the
minimum applied field at which a ZFC ring becomes fully
penetrated by supercurrents, depends on the ring critical cur-
rent density Jc and the ring dimensions, described by the
parameters � and �. Therefore, if the relation between the
full penetration field and sample dimensions is known, then
the critical current density of the ring can be in principle
obtained by simply measuring Hpen from the ring magnetiza-
tion hysteretic cycle.

The magnetization curves of rings with different aspect
ratio �� ,�� were calculated using the numerical method,34,35

assuming in a first approach a field-independent Jc. Figure
4�a� shows, for instance, the M�H� curves for rings with �
=0.5 and �=0.2,1 ,5. The applied field and the magnetiza-
tion have been normalized by the full penetration field of an
infinitely long bulk cylinder, Hpen

� =JcR0, so that the cycles

FIG. 3. �a� Bc /�0�H� cycle ��� measured with a Hall probe
placed at the axis line of the ring, at z=L /2+80 �m, compared with
the integral �B /�0−H��H� ��� cycle �ring R125�. �b� Jc�H� depen-
dences obtained from the Bc /�0�H� ��� and the �B /�0−H��H� ���
cycles.
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are only dependent on adimensional parameters. It can be
observed that the initial magnetization curve presents a
“kink,” which under the assumed Jc constant approximation,
coincides exactly with the field of full penetration Hpen. For
small � ratios �thin rings�, the slope of the initial magnetiza-
tion curve becomes steeper, and Hpen is reached at smaller
applied fields. For all cases, when H�Hpen the magnetiza-
tion is the same, since the saturation magnetization is inde-
pendent of � in Beans’s approach.

Based on the above numerical calculations, Navau et al.
proposed an analytical expression for the full penetration
field of arbitrary �� ,�� finite rings:35

Hpen

JcR0
�

�

2

�1 − ��
�1 + ��

ln�2�1 + ��
�

+ 	1 + �2�1 + ��
�

�2
1/2�.

�4�

Figure 4�b� shows the normalized Hpen/JcR0 as a function of
the aspect ratio � for different � values. The �=0 curve rep-
resents the particular case of a finite disk. Notice that Eq. �4�
tends to Bean’s limit Hpen

� /JcR0=1−� for an infinite cylinder
��→� ,x�, and converges with the equation derived by
Brandt18 for very thin rings ��	1,��:

Hpen

JcR0
� �	 2




�1 − ��
�1 + ���ln

8�1 + ��
�1 − ��

− 1� −
1

2
�ln � + 1 − ��
 .

�5�

In order to study experimentally the dependence of the
penetration field with the geometry and test the validity of

Eq. �4�, we measured the initial m�H� curves of a series of
rings with equal internal-to-external ratio ��=Ri /R0=0.67�
but different thicknesses �Fig. 5�a�. The initial curve of each
ring shows a “kink” at a field Hmin, which increases with the
ring thickness �see inset of Fig. 5�a��. The scattering around
this general behavior is due to spread in the material quality
of the rings, which were extracted from different pellets. In
previous papers, Hmin was assimilated to the ring’s full pen-
etration field, and it was used to extract Jc.

14 We have now
compared the experimentally determined Hmin/Jc�0�R0 val-
ues for each ring, with the calculated �normalized� penetra-
tion field Hpen/Jc�0�R0 in Fig. 5�b�. Jc�0� was determined in
each case from the complete m�H� cycle measured by VSM
�not shown� using Eq. �2�. We find that the Hmin/Jc�0�R0
values lie systematically below the analytical curve �between
15% and 60%�, thus suggesting that the Jc values computed
from Hmin in finite sized rings are systematically too low. In
the next section we will see that the field dependence of the
critical current density is responsible for the deviation.

D. Influence of the Jc„H… dependence

The effect of the Jc�H� dependence37 on the magnetiza-
tion curves of finite rings of different ratio � has been calcu-
lated using the numerical model described in Refs. 34 and
35. We assumed an exponential dependence of the form

Jc�H� = K exp�− �H�/Hoe� ,

where K and Hoe are positive constants. The parameter p
=KR0 /Hoe is used to describe the strength of the exponential
decay.

FIG. 4. �a� Magnetization loops for �=0.5 and different� ratios:
�=0.2,1 ,5 in Bean’s constant Jc approximation. The position of the
fields of full penetration Hpen are indicated. �b� Theoretical normal-
ized penetration field Hpen/Jc�0�R0 as a function of the aspect ratio
�: �continuous lines� analytical expression for finite rings �Eq. �4��,
�dotted lines� Brandt’s expression for very thin rings �Eq. �5��, and
�thick lines� Bean infinite cylinder limit.

FIG. 5. �a� m�H� cycles measured with SQUID magnetometry
�thin lines� and Hall magnetometry �thick line� for the series of
rings with equal internal Ri /R0=0.67 and different thickness L. In-
set: “kink” Hmin vs ring thickness. �b� ��� Determined
Hmin/Jc�0�R0 values for this series of rings against the ��=0.67�
analytical Hmin/Jc�0�R0 curve.
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Figure 6�a� shows the simulated magnetization loops for a
given ring geometry ��=0.5, �=5� and different Jc�H� de-
cays �p=0 corresponding to Bean’s independent Jc model,
p=1, and p=10�. The curves are normalized to the penetra-
tion field of an infinite ring Hpen

� . We can observe that for
Bean’s limit �p=0� the magnetization is flat for fields above
the full penetration field Hpen, which is, by definition, the
intersection between the initial and the return curves. Hence,
in this case, Hpen�Hmin. However, as the p parameter be-
comes larger �p�0�, the magnetization presents a “kink” in
the initial curve at a field Hmin smaller than the full penetra-
tion field, at the intersection point Hpen. The reason for this
behavior is the following.

As the applied field is increased from zero, supercurrents
penetrate further and further into the ring �both from the
internal and external fronts, as argued in Sec. III A; but at the
same time, the values of these currents become progressively
smaller, due to the critical current dependence on the internal
field. This results in two competing trends: as a larger vol-
ume of ring is penetrated, the �absolute� magnetization tends
to increase, whereas as Jc decreases, M tends to decrease.
The minimum in the initial magnetization curve at Hmin oc-
curs when the later tendency starts prevailing over the first
one. Note that at this point, the ring is not necessarily fully
penetrated by currents, a situation that is only accomplished
at a higher field Hpen.

Our simulations show that for a given Jc�H� dependence
�parameter p�, the �normalized� difference between Hpen and
Hmin becomes larger for increasingly thick �large �� and
broad �small �� rings �Fig. 6�b��, whereas for sufficiently thin
���0.2�, narrow ���0.5� rings, Hpen and Hmin practically
coincide regardless of the Jc�H� dependence.

We have experimentally observed the difference between
Hpen and Hmin in the magnetization curves of thick rings. For

instance, Fig. 7�a� shows the m�H� curve of ring R063 ��
=0.42, �=0.26, p�1.2�. We studied as well the influence of
the ring thickness on the Bc /�0�H� cycles, which, as justified
in Sec. III B, can be used alternatively to the integral mag-
netization cycle to determine the Jc. A thick ring R125 was
successively polished and Bc /�0�H� measured. Figure 7�b�
shows, e.g., the cycles measured for two of the ring thick-
nesses �the others are omitted for the sake of clarity�, where
the difference between the position of the “kink” at Hmin in
the initial Bc�H� curve and the full penetration point Hpen can
be clearly seen.

From these two values, we determined the normalized
Hmin/Jc�0�R0 and Hpen/Jc�0�R0 for each ring thickness, �,
and plotted them against the analytical value given by Eq.
�4�. The Jc�0� values needed for the normalization were cal-
culated either from the complete m�H� cycle and Eq. �2�, or
Bc /�0�H� and Eq. �3�. Figure 7�c� summarizes the results.
For ring R063, we can observe that while Hmin/Jc�0�R0 lies
�50% beneath the theoretical curve ��=0.42�, the experi-
mental value Hpen/Jc�0�R0 value coincides with it. For the
series of polished rings �R125�, the Hmin/Jc�0�R0 values fall
systematically below the curve, whereas the Hpen/Jc�0�R0

values are well described by the analytical Eq. �4� of �
=0.64. Note also that as the ring becomes thinner, the
Hmin/Jc�0�R0 value approaches Hpen/Jc�0�R0, as predicted by
the presented simulations.

From the above results it can be concluded that for real
YBCO superconducting thick rings, the Jc�H� dependence

FIG. 6. �a� Magnetization loops for �=0.5, �=5 and different
Jc�H� decays: p=0,1 ,10. �b� Difference between the full penetra-
tion field Hpen and the “kink” field Hmin normalized by Hpen

� as a
function of �, for p=10 and �=0 �disk�, �=0.5, �=0.9.

FIG. 7. �a� m�H� cycle of ring R063. �b� Bc�H� cycles for ring
R125 with thickness L=1.25 mm �continuous line�, and same ring
polished into thickness L=0.6 mm �dashed line�. Hmin and Hpen are
indicated. �c� Ring R063: Theoretical Hpen/Jc�0�R0 �thick line, �
=0.42� and experimentally determined Hmin/Jc�0�R0 �star� and
Hpen/Jc�0�R0 �bold star�. Series of polished rings R125: Theoretical
Hpen/Jc�0�R0 ��=0.64� and experimentally determined
Hmin/Jc�0�R0 ��� and Hpen/Jc�0�R0 ���.
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introduces a shift of Hpen with respect to Hmin, and therefore
it is not strictly correct to use the “kink” value of the mag-
netization �or Bc /�0�H�� for the calculation of Jc. At most,
this method can be just used to get a rough, quick estimation
of Jc, bearing in mind that the value will be underestimated
�by about 40% for a thick ring with ��0.5�. Instead, the
correct determination of the critical current based on the
measurement of the full penetration field should be done
considering the intersection point between the initial and re-
turn curves measured from the complete magnetization
cycle. Only for sufficiently thin ���0.2�, narrow ���0.5�
rings, Hmin�Hpen, and the “kink” of the initial curve will
give a good estimation of Jc.

Hence, the methodological recommendation for the
simple determination of the critical current density in super-
conducting YBCO rings could be summarized as follows:
Thin rings with large inner holes �narrow rings� should be
selected. Then, measure the initial Bc /�0�H� curve with a
Hall probe centred on top of the ring, and introduce the value
of the field Hmin, which can be very accurately determined
from the second derivative �2Bc /�H2�H�, in Eq. �4� to obtain
Jc�0�. Using this methodology on a thin ring �R017, �
=0.07�, we obtained35 a very good agreement �within 2%�
between the experimentally and calculated values of Jc
�4.01�108 A/m2.

IV. CONCLUSIONS

The magnetic behavior of melt-textured YBa2Cu3O7 finite
rings in perpendicular magnetic fields has been investigated
using an in-field Hall probe magnetic imaging system. This
system allows the analysis of the evolution of the distribution
of the magnetic field induction when the external magnetic

field is cycled, as well as the measurement of the integral
M�H� cycle upon integration of the local magnetic field. By
recording the ring Bz�x ,y ,H� maps for increasing fields we
have shown that, due to the demagnetizing effects, a mag-
netic field exists inside the ring hole, and thus flux penetra-
tion progresses both from the outer and inner radius fronts
into the ring body. The effect of the ring size on the hyster-
etic magnetization curves has been studied both experimen-
tally and by numerical calculation of the M�H� curves of
rings with different aspect ratios. An analytical expression
for the determination of the critical current density of finite
rings based on the measurement of the full penetration field
was presented and experimentally tested. We showed that
due to the dependence of the critical current density with the
internal magnetic field, the magnetization initial curve shows
a “kink” at an applied magnetic field Hmin, which is in gen-
eral different from the field of full penetration Hpen. The
correct determination of Jc should be done using this later
magnetic field. Only for very thin/narrow rings, the two
fields approximately coincide Hmin�Hpen, and hence the
“kink,” can be used to determine the critical current density.
Since the “kink” can be very simply and accurately deter-
mined from the initial Bc /�0�H� curve measured just at the
center of the ring, this methodology opens the door for a fast
and simple determination of Jc�T ,H� curves.
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