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Abstract

We report measurements of the hysteretic magnetization of YBCO under
superimposed transport current cycles, together with numerical simulations
of magnetization and current density profiles in the corresponding parallel
configuration. Field cooled (FC) and zero-field-cooled (ZFC) experiments
were carried out on polycrystalline YBayCu3O7_, cylinders, with both the
applied magnetic field and transport current in the axial direction, and the
current cycled several times, around and above the dissipative threshold. As
in previously reported multicomponent field configuration experiments, the
magnetization is seen to collapse to a more stable state both in FC and ZFC,
because of the interplay between the shielding and transport currents. The
results of our numerical simulations are in good qualitative agreement with
the measurements, and the competition between shielding and transport due

to vortex-pinning interactions and equilibrium magnetization effects are
shown to play an important role in the range of our experiments.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Vortex—matter interactions in pinned type-II superconductors
are a complicated subject, due to the relevance of many
physical phenomena. This is most noticeable in the
case of high-7. compounds due to the smallness of the
superconducting coherence length. Interactions are highly
sensitive to the material microstructure, thermal fluctuations,
etc. Thus, when investigating the properties of the Schubnikov
phase, even at a phenomenological level, one should start
with the force between straight vortices and pinning sites [1],
then consider crossing interactions between adjacent tilted
vortices [2], and also include the equilibrium properties of the
flux line lattice [3], thermal excitations [4], and possibly the
influence of granularity in the case of high-7, superconductors
(HTSs) [5, 6].

However, depending on the experimental conditions, the
theory may be highly simplified if one of the previous
mechanisms prevails. For instance, the hysteretic properties
for low temperatures 7/7, <« 1 and moderate magnetic

0953-2048/06/040385+07$30.00 © 2006 IOP Publishing Ltd  Printed in the UK

fields Hy, <« H <« Hy, are nicely described by the
simple and celebrated Bean’s critical state model [1]. In this
case, one basically assumes that vortex displacements away
from equilibrium with pinning sites are highly dissipative.
The critical state concept is still useful for situations in
which vortices may be no longer simplified as straight lines
and multicomponent fields within the superconductor are
involved [7-10]. In fact, one can still invoke a one-parameter
theory which successfully describes flux rotation and cutting
interactions. A general critical state model, built on the
restriction J < J. for the modulus of the current density,
displays the properties of such experiments [11, 12]. However,
some experimental observations may require a more complex
theoretical scenario. For instance, the consideration of realistic
situations important in many possible applications, involving
applied field, transport current and temperatures not so far from
T, requires further study.

In this paper, complementing previous work on HTSs
[13, 14], we show results of magnetization measurements and
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simulations in a cylindrical geometry, with transport current
applied parallel to the axis and also to the static magnetic
field. We present and analyse new experimental data on
YBa,CusO,_, cylinders, for 0.75 < T/T. < 0.95, when an
externally controlled current is cycled, reaching the dissipative
regime.

2. Sample and apparatus

Cylindrical samples of T, ~ 91 K were prepared from YBCO
powder, using standard prescriptions for HTSs. The specimens
were isostatically pressed for 12 h, and sintered under O,
atmosphere. The electric contacts were painted with Ag paste,
and annealed for 10 h at 840°C and 10 h at 450 °C.

As reported [13], a dedicated manual insertion utility
probe and sample holder were designed for use in a commercial
Quantum Design MPMS-5S (SQUID).

Simultaneous four-wire resistive (longitudinal transport)
and inductive (axial magnetic moment) measurements can
be performed without introducing distortions. Each sample
was glued with varnish in the centre of a 112 mm sample
holder, fabricated with four twisted copper AWG32 wires
(0.203 diameter). The inductive quantity shown corresponds
to the sample’s magnetic moment per unit volume, the
magnetization uoM = (4r/10) x (m;/v) in millitesla
(1 mT = 10 G), where m; is the axial magnetic moment in
erg/G (‘emu’) from the SQUID and v is the specimen volume
in cubic centimetre. The applied magnetic strength H is
expressed in terms of the magnetic induction B = poH in
vacuum, in millitesla.

Field cooled (FC) and zero-field-cooled (ZFC) experi-
ments were carried out using DC magnetic field in the range
0-150 mT, at 0.75 < T/T. < 0.95. Since the intragranular
lower critical field is B.j, ~ 15 mT [5, 6], this corresponds to
the granular regime with Byax ~ 10B1,.

In the experiments with transport cycles, the bias current
was applied subsequent to setting up temperature and field.
The current was cycled between —300 and 4300 mA, in
450 mA steps. The sample is 7.4 mm long, with a diameter
of 1.22 mm, so the maximum global transport current density

(calculated as if it was uniform) is about 25 A cm™2.

3. Experimental results

Figure 1 combines the sample’s diamagnetism together with
transport losses in FC and ZFC experiments. In the lower
part of the figure we show the power dissipation within the
sample in a temperature sweep, with a fixed transport current of
100 mA and an applied magnetic field of 15 mT. Note that the
onset of non-dissipative transport appears at lower temperature
in the ZFC case, in which the shielding is higher. This property
suggests a model in which transport and shielding current
densities are not independently constrained.

In figure 2, the measured hysteresis loop at 80 K is shown.
From the loop, at 15 mT, and using a uniform current Bean
critical model, we obtain a critical current density around
1.25 x 10* A cm™2. The equilibrium magnetization has been
evaluated from the hysteresis loop ((Myp + Maown)/2), and is
shown in the lower part (solid line). The FC magnetization is
also plotted in this graph, and was obtained independently, by
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Figure 1. FC and ZFC comparison of magnetization (upper) and
power dissipation per unit volume (lower) versus temperature for
transport current / = 100 mA and applied magnetic field strength
noH =15 mT.
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Figure 2. Upper: hysteresis loop of magnetization versus applied
magnetic field at 7 = 80 K (/ = 0 mA). Lower: FC, ZFC and
reversible magnetization. Curves with symbols indicate direct
experimental values, whereas the reversible curve (continuous line)
was obtained from the hysteresis loop.

setting the field above T, for each field value and then cooling
the sample to 80 K, where the magnetization was measured.
Notice that the hysteresis loop is markedly compressed
into quadrants Il and IV, indicating the relevance of equilibrium
magnetization effects. This is emphasized in the lower part of
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Figure 3. Summary of the magnetization versus current cycle
behaviour in FC (left) and ZFC (right) experiments for

oH = 15 mT and different temperatures. The arrows indicate the
direction of time evolution.

the figure, that shows the equilibrium and the two metastable
states. In ZFC, the current induced by the sweeping field
maintains a diamagnetic field profile, i.e. a Bean state, while
in FC state some magnetic flux is trapped inside the sample,
leading to reduced diamagnetism.

In figure 3, we show the effect of the transport current
cycles on the magnetization, for three temperatures, with an
applied field of 15 mT. In the graphs, the bars indicate the
current range where the transport current is dissipative, that is,
where we can detect a voltage across the electric contacts. It
can be seen that the current reaches a dissipative regime along
the cylinder axis, but there is still a magnetization component
out of equilibrium, corresponding to a non dissipative Bean-
like current.

The so-called magnetization collapse [12, 13] towards the
thermodynamic equilibrium state is observed. The ZFC curves
show an evolution from a more diamagnetic non-equilibrium
state towards a less diamagnetic one, because the competition
between transport and shielding currents affects the Bean
profile, reducing the shielding capability. As a general trend,
in the FC case, the evolution is again towards the equilibrium
state. Nevertheless, here the magnetization becomes more
diamagnetic, as the trapped flux is able to leave the sample
as is shown by the simulations of the following section.

Although the number of physical phenomena is possibly
higher from the microscopic point of view, the basic properties

may be described at a phenomenological level based on
an averaged critical state theory, modified by equilibrium
magnetization effects in a simple form. Other aspects, such
as the detailed description of granularity or time relaxation
phenomena, may be regarded as second order corrections, and
could be responsible for the qualitative differences observed in
figure 3 for the different temperatures.

4. Theoretical framework

In this part, we describe the theoretical framework within
which the experimental observations have been analysed. First,
we develop a critical state formulation, built in terms of the
variational statement posed in previous work [12]. This will
account for hysteresis losses. In a second step, the theory will
be upgraded in order to incorporate equilibrium magnetization
effects, which are of importance within our experimental
regime.

4.1. Critical state theory

The main complication of using a critical state formulation in
multicomponent problems is that the direction of the current
density vector J is unknown a priori. This difficulty may be
dealt with in several forms. We have preferred a variational
statement [12] in which both the direction and modulus of
J as time goes by (field penetrates), are an output of the
model. For the case under consideration, i.e. long cylinder
with longitudinal field and transport current, the variational
statement reads

-

Minimize %/ I Hyor — Hyl? dV, T €A, (1)
Q
Here, ﬁ,, is the magnetic field at the time layer n and
the restriction J,.; € A applied to the volume of the
superconductor.  This is nothing but the critical current
constraint, that will be used in the form |J| < J. within this
work. €2 is a cylinder with the same radius of the original one,
and arbitrary length. For instance, one can consider unit length.
On the other hand, the rotational and translational symmetry
introduce the simplification
H,=0; J,=0

for the radial components of the fields within 2.

Solving equation (1) for a given driving process requires
us to define a finite element discretization suitable for
representing the vector fields within Q. Owing to the
symmetry, the induced current density may be thought of as a
set of co-axial cylindrical layers. Charges flow both along the
Z-direction and in circular paths (see figure 4). Let us denote
by the subscripts j and m two such layers. Let us also use
the following notation for the cylindrical components of the
current density within the jth layer:

Ji=0,6;,¢).

Then, by using Ampere’s circuital law, one can show that
equation (1) may be transformed (see the appendix) to a
discretized minimization problem. Flux penetration in (or exit
from) the sample is described by minimizing
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Figure 4. Sketch of the discretization scheme used in this work. The
cross section of the cylinder is divided into N layers of width §. Each
of them carries a longitudinal current density ¢; and an azimuthal
component ¢;, as indicated in the picture.

FUp 1 AGH = 3D (i Mbm + G M7, 0)

Jjom

= Y (6iM3 0+ M0

Jj.m
d _ NO
(N A7) o @
J

In order to simplify notation we have superscripted with <™’
the quantities referred to the previous time layer, and use plain
style for their current values, in the iterative solution of the
problem.

On the other hand, we have used the definitions

k=j+1
, 1 , N 1
m = Emln{],m} + jm Z s
k=max{j,m}+1

H, denotes the magnetic field applied along the Z-axis.

We emphasize that for the case of interest, i.e. a constant
bias field along the Z-axis, and cycles of transport current, the
last term of equation (2) will become zero.

Finally, within the isotropic critical state model (the region
A is a circle), minimization must be carried out under the
restrictions

piHE<IE VY
1,

Yo
J

related to the critical current threshold and to the bias transport
current, respectively. As shown in previous work [11, 12], the
solution of the variational statement for this kind of problem is
always reached in the form |f| = J. (or 0).

3
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We recall that the isotropic restriction for the current
density has been already emphasized as a quite reasonable
approximation for the flux dynamics of HTS ceramics [15].

4.2. Equilibrium magnetization effects

The simplest model for incorporating the equilibrium
diamagnetic response consists of using surface discontinuity
conditions for the magnetic flux density. Physically, this
corresponds to neglecting the decay distance for London
supercurrents, as compared to other relevant length scales, in
particular, as compared to H/J.. Thus, one associates a surface
current density with the reversible response of the sample,
and a volume critical state current density towards the centre.
Then, within the volume of the sample we use the free space
relationship B = puoH, and the critical state equations as
displayed in the previous paragraphs.

Following reference [14] we assume a discontinuity for
the magnetic field intensity

H(S7) = H(S") ~ fHu, “

with S* indicating a point close to the surface, either within
the superconductor or outside, and f a phenomenological
constant. On the other hand, the angle of the magnetic
induction relative to the Z-axis is assumed to be continuous
across the surface. Then, our principle (equation (2)) takes the
form
. 1 o] z
min F = 1 Z (6iM S + ¢ M7, 0n)
j.m
Y o0 Z vz
- Z <¢1Mjm¢m + ;ijymgm)

Jj.m

+Na Y j’¢;. )
J

Above, we have used

v

i +inc I
\/ |+ ( + inc)?/4h2 \/ | +2/4h3
Lower case emphasizes the use of dimensionless units. Thus,

we have introduced ho = Ho/(J.R), hei g = Heyg/(JR), and
1 = I/(J.rR?). ‘inc’ denotes the transport current increment.

o= fhcl,g

5. Discussion

Figure 5 displays the results of applying our theory to
the case hy = 2 and fhe, = 1, for FC and ZFC
conditions. As one can notice both in the experimental
results and theoretical calculations, the longitudinal magnetic
moment of the superconducting cylinder collapses towards
the equilibrium magnetization curve. Thus, successive cycles
of the applied transport current increase the longitudinal
diamagnetic moment, corresponding to the decrease of trapped
magnetic field during the FC process. In contrast, the ZFC
curve displays a decrease of the diamagnetic moment, related
to the reduction of Bean shielding currents in this case. The
previous facts may be explained in terms of our isotropic
critical state model, as a competition between the longitudinal
and azimuthal components of the current density (J;, Jg). The
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Figure 5. Theoretical estimates for the field cooled and
zero-field-cooled magnetization under transport current cycles in a
superconducting cylinder with the influence of equilibrium
magnetization effects. Dimensionless units have been used, defined
in terms of the irreversible magnetization for zero applied current
(see text).

actual distribution rule depends on the restriction J 22—}— J (g <J Cz
and Faraday’s law, which enhances the component that shields
the induced field changes.

Let us analyse the situation in which the sample has been
cooled in a magnetic field. The numerical simulations provide
a prediction for the circulating volume current density within
the sample. Figures 6 and 7 illustrate the flux dynamics in

the first branches of the current cycles. Initially, the sample
holds a noticeable amount of trapped longitudinal flux, with
a corresponding density profile J3 = J. and J, = 0. Then,
as the transport current is increased (J, # 0 in figure 6), the
shielding capability decreases, and this leads to flux expulsion
(Jg is reduced from the surface).

When the transport current changes are reversed (B — C
in figure 7), we recall that Faraday’s law enhances a maximum
negative transport close to the sample’s surface. The high value
of J, implies a noticeable reduction of Jy, and thus a further
reduction of trapped flux. In passing, one can realize that the
transition of J, from positive to negative values produces a
peak structure in Jy, as related to the condition JZ2 +J ; = ch,
ie. J; = 0 = Jy = J.. The failure of our simulation in
obtaining this exact rule is ascribed to numerical error when
the peak structure is very sharp.

The general trend of developing a transport critical state
(J, — =£J.) as the transport current is further cycled
may be observed. As a consequence, the Bean shielding
current is irreversibly reduced to negligible values, and the
sample’s magnetic moment is determined by the equilibrium
magnetization, which has been modelled as a jump in the
magnetic field at the boundary.

6. Conclusions

Irreversible magnetization collapse towards the equilibrium
state is reported in the longitudinal current problem for field
cooled and zero-field-cooled experiments. Measurements have
been performed in YBCO cylindrical samples, close to the
critical temperature (0.75 < T/T. < 0.95) and around
and above the dissipation threshold, when both the applied
magnetic field and the transport current were directed along
the axis of the sample.

Figure 6. (Left) Theoretical estimate of the current density distribution within the superconductor for the first branch of the transport cycle
(A — B in figure 5). The dashed arrows indicate the evolution of the profiles as the applied current is changed. To the right, the
corresponding field profiles are shown. Simulations correspond to an applied field strength /1, = 2 (see text for units). The horizontal axis
displays the artificial variable —r/R < & < r/R, so as to plot a longitudinal section of the sample.
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Figure 7. The same as figure 6 for the second branch of the transport cycle (B — C in figure 5), where the transport current has been

reversed.

The generalized critical state theory, modified so as
to include reversible magnetization effects, allows us to
explain the main features of the experimental observations.
The longitudinal flux profiles within the sample develop a
decreasing slope as transport current is applied, because of
the current density limitation (||J|| < J;). In the FC case
this leads to the expulsion of trapped flux. In the ZFC case,
flux penetration is induced. Both phenomena lead to the
consumption of irreversible magnetization.
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Appendix A. Mutual inductance matrix

Here, we show that the variational statement in equation (1)
may be transformed into a quadratic function optimization
problem, by means of the mutual inductance matrix concept.
We first focus our attention on the term

/ H* dV :/ (H, + H?) dV.
Q Q

Let us separate the azimuthal and z components, and transform
the previous equation in terms of the related current densities.
For this purpose, we discretize the cylinder in a set of layers,
each of length L, thickness § and average radius r;. Following
the notation introduced in the text, we assume that a current
density (0, ¢;, ¢;) flows along a given layer. Next, we write
the field components in terms of the current density, making
use of Ampere’s law. We treat each case separately.

390

A.l. Azimuthal magnetic field contribution

Notice that, at a given distance r;, we have

1 -
H(p(rj) A § (E{j + Z r_jgrn) .

m<j

(A.1)

Then, the integration may be discretized as

N 2
1 Ty
/ H2dV ~2mL8 Y ri| 58+ 2] . (A2)
Q j=1 2 m<j Tj
Now, by using the integer number representation r; = jé and

by inspection of the first terms in the arising series, one can
rearrange the summation in the form

2 ~ 4 J -2 1
/QH(/) dV ~ 2w L8 Z(Z—l—] Z E);j;j
Jj k=j+1
N 1
Z %) é-j;m

1
+2nL64Z(§min{j,m}+jmk .
=max{j,m}+

j#m
= Z ngimgmv
j.m
which is nothing but the desired mutual inductance expression.
Recall that M%m is an array of geometrical coefficients, which
one can calculate at once, and further use for a definite physical
process in the cylinder.

(A.3)

A.2. Axial magnetic field contribution

The procedure is quite similar to the previous case. Now, we
start by noticing that the axial magnetic field at a given distance
r; may be approximated by

¢,
H.(rj) ~ Hy + 5 <7f +3 ¢m> (Ad)

m>j

with Hj the given applied magnetic field. Thus
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N 2
¢‘
H? dV ~ 27 L§? | Hy+ 82 n ) . (A5
/QZ 7 JZ_;r,<0+ 2+Z¢> (A.5)

m>j

Again, by expanding the summations, one can notice that
JG—=1/2)
/QHj dv ~2mLsty <f bib;
J

+2rL8* Y (4 [minj. m)]") o,0m
m

H
+2rLst Yy <?°j2> b
j

oLst (1) NN +1)
) 2

=Y oM} bm+ Y _NPo; + Fo. (A.6)
Jj.m J
Above, the constant term Fy has been emphasized, as it is not

dependent on the actual current distribution within the sample,
and may be dropped for minimization purposes.
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