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Temperature dependence of the vortex remanent state in high-Tc superconductors
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Temperature and magnetic field dependence of the vortex penetration into a superconductor and the
resulting trapped vortex field (the vortex remanent state) were investigated for Bi2Sr2CaCu2O8+x (BSCCO) and
YBa2Cu3O6+x (YBCO) single crystals and BSCCO thin films. The experiments revealed changes in the pinning
regime (the magnitude and magnetic relaxation) of the trapped vortex field with an increasing temperature. The
trapped vortex field, obtained by applying a constant magnetic field, exhibits a maximum at a certain temperature,
that separates the partial vortex penetration regime at low temperatures from the complete vortex penetration
state at higher temperatures. The corresponding vortex remanent states in these two regimes are characterized
by two distinctly different relaxations, the logarithmic and the nonlogarithmic ones at temperatures below and
above the maximum, respectively, for both BSCCO and YBCO. At temperatures close to Tc surface/geometric
barrier affect the relaxation rates.
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According to the Bean’s model,1 when an external magnetic
field is applied to a superconductor, the internal magnetic field
is not uniform and its local value depends on the position
inside a superconductor.2 When the external magnetic field is
removed, a nonuniform vortex field is trapped in a supercon-
ductor. Trapping of the internal field inside a superconductor
can be realized by using the following procedure:3 apply an
external magnetic field, Ha , to a superconductor at different
temperatures, which results in the penetration of vortices into
the bulk of the superconductor. Ha is subsequently reduced to
zero and the vortex lines are trapped inside the sample. At a
fixed temperature, the trapped magnetic field increases with
an increasing Ha and finally reaches a saturated (remanent)
value.4 The remanent value of the trapped internal field is
proportional to the critical current.

However, applying the same constant Ha at different
temperatures leads to a different situation. In this case, the
magnitude of the trapped internal field is determined by the
dependence of the penetration and pinning of the vortices
on temperature. At low temperatures, the sample is partly
penetrated by the field and the internal field is trapped at
the sample’s edges. It is expected that the trapped internal
field increases with an increasing temperature and at a certain
temperature, fully penetrates the sample, i.e., reaches a max-
imum value at the sample’s center. The question is, however,
what is the magnitude and the temperature dependence of this
field at higher temperatures? Does it follow the temperature
dependence of the remanent critical state where the current
density acquires the critical value Jc, or does it have a different
temperature dependence? What are the relaxation rates of
this field at temperatures corresponding to the partial and
complete vortex penetration states? Are they affected by the
surface/geometrical barriers? What is their dependence on the
superconducting material?

The properties of the trapped field and its response to
pinning complement our understanding of the vortex remanent
state in different high-Tc superconductors and are the subject of
the present investigations. They allow one to visualize how the
trapped vortex lattice and its pinning evolves with an increasing
temperature and an external magnetic field, and what happens
to it when the critical state is approached.

These studies have been performed on YBa2Cu3O6+x

(YBCO) crystal and Bi2Sr2CaCu2O8+x (BSCCO) crystals and
films characterized by different vortex pinning potentials.
High purity BSCCO crystals of Tc � 92 K were grown
in the crystal-growth division of the Clarendon Laboratory
(Oxford University) using a crucible-free optical floating-zone
technique. The crystals were shaped in the form of about
0.5-mm thick disks and rings of outer diameters of 1.5 mm.
The disk/ring axes were parallel to the c-axis of the crystal.
Pure detwinned YBCO single crystal with Tc of 93.5 K and
the dimensions of 2 mm × 3 mm × 0.5 mm (with the c-axis
perpendicular to the plate) was prepared at Osaka University.
BSCCO c-axis-oriented thin films of Tc � 82 K were grown
on (100) MgO substrates using magnetron sputter deposition
technique. These films were patterned in the form of disks of
thickness 220 nm and a diameter of 10 mm.

The trapping of vortices is produced by applying an external
magnetic field Ha (up to 1.5 kG, generated by a copper-wound
solenoid) to the zero-field-cooled samples at temperatures
below Tc in a direction parallel to the c-axis (perpendicular
to the sample’s plane), and subsequently reducing this field to
zero after a time interval t∗. Changes in the resulting trapped
vortex field were monitored as a function of temperature,
applied magnetic field, and time, as discussed in more detail
below.

Magnetic fields due to the distributions of vortices trapped
by a superconducting sample are equivalent to the self-fields
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FIG. 1. (Color online) (a) Temperature dependence of the field
trapped at the center of the BSCCO single crystal by applying
different constant magnetic fields between 50 and 1500 G during
a time interval t∗ of 120 s. Hrcs(T) represents the “remanent
critical state” line. Hsp(T) line joins the maxima of the trapped
field. (b) Temperature dependence of the logarithmic decay rates
S = d(ln Htr)/d(ln t) of the trapped field calculated for a short initial
time intervals up to 10–20 s. The arrows indicate temperatures at
which the maxima in the trapped field occur. (c) Dependence of the
field trapped in the BSCCO crystal on time measured at different
temperatures around the maximum of the trapped field.

generated by the distribution of trapped persistent currents
circulating inside this sample.5,6 The latter fields are related
to the currents through the Biot-Savart equations. In the
critical state, the sample is completely filled with loops of the
“trapped” persistent current at the Jc level. Below the critical
state, however, the fields due to the vortex distributions can be
simulated using the superposition of the self-fields generated
by the “trapped” persistent currents (which circulate at the
critical level near the sample’s edges), and the “shielding”
persistent currents (which circulate near the sample’s center
in the direction opposite to that of the “trapped” persistent
current). At the sample’s center, the trapped self-field due to the
currents has an axial component only, i.e., its radial component
is zero. Its direction is therefore unaffected by the changes
of the curvature of magnetic flux lines with an increasing
distance from the surface. A magnetic sensor (an axial-radial
Hall sensor) placed above the sample’s surface at this location
could be used to detect this trapped self-field (Htr), which
according to the Biot-Savart equations is proportional to the
net bulk-trapped current and a geometric factor that depends on
the distance between the sensor and the sample’s surface. In our
experiments, we used an axial-radial Hall sensor of sensitivity
±2 mG, which was positioned 2.5 mm above the sample
outside the cryostat, in the air and at the room temperature.
We adopted this sensor to measure Htr above the sample’s
center where Htr has an axial component (parallel to the c-axis)
only.

The temperature dependencies of the trapped field Htr

obtained by applying different constant magnetic fields Ha

to the sample over a fixed time interval t∗ are shown in
Figs. 1(a), 2(a), and 3(a) for the BSCCO and the YBCO

FIG. 2. (Color online) (a) Temperature dependence of the field
trapped at the center of the YBCO single crystal by applying different
constant magnetic fields between 250 and 1500 G during a time
interval t∗ of 120 s. Hrcs(T) represents the “remanent critical state”
line. Hsp(T) line joins the maxima of the trapped field. (b) Temperature
dependence of the logarithmic decay rates S = d(ln Htr)/d(ln t) of
the trapped field calculated for a short initial time intervals up to
10–20 s. The arrows indicate temperatures at which the maxima in
the trapped field occur. (c) Dependence of the field trapped in the
YBCO crystal on time measured at different temperatures around the
maximum of the trapped field.

samples. Htr(T) exhibits a maximum at temperatures below
the Hrcs(T) line which represents the “remanent critical state”,
i.e., the temperature dependence of the maximum field that
could be trapped at the sample’s center at each temperature.

FIG. 3. (Color online) (a) Temperature dependence of the field
trapped at the center of the BSCCO thin film by applying magnetic
fields between 25 and 500 G during a time interval t∗ of 120 s.
Hrcs(T) represents the “remanent critical state” line. Hsp(T) line joins
the maxima of the trapped field. (b) Temperature dependence of
the logarithmic decay rates S = d(ln Htr)/d(ln t) of the trapped
field calculated for short initial time intervals up to 10–20 s. The
arrows indicate temperatures at which the maxima in the trapped
field occur. (c) Dependence of the field trapped in the BSCCO film
on time measured at different temperatures around the maximum of
the trapped field.
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The Hsp(T) line (dashed curve) joins the maxima of the trapped
field. The Hsp(T) line approaches the remanent critical state
line at high temperatures.

Measurements of the time dependence of the trapped
field Htr have been performed for all samples over a time
period of up to about ∼104 s. They revealed that the decays
are logarithmic only at temperatures below the peak in the
temperature dependence of the trapped field [see Figs. 1(c),
2(c), and 3(c)]. As discussed below, whether the decay is
logarithmic or not provides information on the nature of the
vortex interactions. For temperatures at and above the peak,
the decay curves start to deviate from the logarithmic behavior
observed below the peak. The decay curves at Hrcs(T) are also
nonlogarithmic.

Because of the nonlogarithmic character of these decay
curves, we calculated the decay rates S = d(ln Htr)/d(ln t)
only for very short initial time intervals up to 10–20 s. The
dependence of S on temperature for the BSCCO crystal (S for
disk and ring-shaped single crystals are similar), the YBCO
crystal and the BSCCO thin film are shown in Figs. 1(b),
2(b), and 3(b). The temperature dependence of S calculated
for the BSCCO single crystal differs from that obtained for the
BSCCO thin film.

Below, we discuss the temperature dependence of the
trapped field Htr and that of the decay rates S measured in
the pure BSCCO and YBCO single crystals, and analyze
the similarities and differences observed. This discussion is
followed by the analysis of the relaxation rates in the BSCCO
film.

In general, when the applied field Ha is kept constant,
one could expect the trapped vortex field to increase with an
increasing temperature. Since Hc1 decreases with an increasing
temperature, the surface screening effect becomes weak,7

allowing more vortices to enter the bulk of the superconductor.8

The shear modulus of the vortex lattice c66 ≈ (�0B)/(πλ),
where �0 is the flux quantum and B is the magnetic field,9 also
decreases with an increasing temperature due to the increase in
the penetration depth λ. Consequently, the vortex lines become
flexible which allows some parts of the individual flux lines to
deviate from an ideal periodic arrangement of the Abrikosov
lattice. The vortex lines then lower their energy by passing
through favorable random bulk pinning sites, resulting in an
effective trapping.

In addition to the bulk pinning, surface pinning10–12 and
geometrical barriers13–16 could contribute to the observed
pinning of the trapped field. It has been suggested that
the surface1 and geometrical barriers could play a role in
determining the vortex dynamics in superconducting single
crystals.17 It has been shown that these barriers lead to an
increase of an internal trapped field of crystals at temperatures
close to Tc, where the bulk pinning is weak.13

The maximum in the dependence of Htr on temperature
shown in Figs. 1(a), 2(a), and 3(a) is the result of the
competition between vortex entry and bulk pinning. Higher
temperatures facilitate vortex entry; however, they also reduce
bulk pinning. The vortex lines that enter the superconductor
at low temperatures are initially trapped near the edges of
the sample. When the temperature is increased, the incoming
flux fronts propagate toward the center of the sample, where
Htr increases. Eventually above a certain temperature Tsp,

the sample is fully penetrated by the vortex lines when the
flux fronts reach the sample’s center. Above this temperature,
bulk pinning dominates and consequently Htr drops with an
increasing temperature, forming a maximum in Htr(T) at Tsp

[see the Hsp line in Figs. 1(a), 2(a), and 3(a)].
Changes in the vortex pinning as a function of temperature

can be seen in the dependence of S on temperature shown
for the pure BSCCO and YBCO crystals in Figs. 1(b) and
2(b). S(T) of those samples is characterized by three different
regimes.

At temperatures below Tsp, marked by arrows in Figs. 1(b)
and 2(b) for different applied fields, the samples are in the
partial vortex penetration regime. Vortex pinning centers allow
for the formation of vortex density gradients, which are
equivalent to a current density J . The highest vortex density
gradients correspond to the situation where the pinning force
acting on a vortex matches the driving Lorentz force, and
J reaches the critical value Jc. The vortex density gradients
decay due to thermal activation of the vortices over the pinning
barrier. In the partial vortex penetration regime, the gradients
of the magnetic flux trapped at the sample’s edges lead to the
outward (out of the sample) and inward (toward the sample’s
center) motions of the vortex lines.

Consequently, S measured at the sample’s center is reduced
and its temperature dependence should be weak. This type of
behavior has been seen in both the YBCO and the BSCCO
crystals after a field of 250 G was applied. S in these crystals
is almost independent of temperature at temperatures below
Tsp. It has been shown that for samples in the remanent state,
the “outward” gradients of the flux trapped near the sample’s
edges are close to the critical values.6 The “inward” gradients
increase when higher magnetic fields are applied, causing a
drop of the relaxation rates to even smaller values. This has
been observed for both the YBCO and the BSCCO crystals
after applying fields higher than 250 G [see Figs. 1(b) and 2(b)].
In this regime, an increase of S with an increasing temperature
over a temperature range of 10–15 K for these two cases is
about 0.02 for the BSCCO crystal, but only about 0.010 for
the YBCO crystal. This reflects the weaker dependence of
the pinning potential on temperature and magnetic field in the
YBCO crystal compared to that in the BSCCO crystal.

Since the density of the trapped vortex lines is low for all
fields that have been applied, the vortices can be trapped by the
random pinning centers and there is little interaction between
them. The decay of this trapped field is logarithmic, which is
in agreement with classical theories of the vortex motion in
the absence of vortex-vortex interaction.18,19

At temperatures above Tsp, the sample is fully penetrated
by the vortex lines, and the trapped flux decreases with
an increasing temperature. This behavior is dominated by
the temperature dependence of the bulk vortex pinning. For
example, in the BSCCO crystal, the pinning drops sharply and
S rises sharply with an increasing temperature. We believe
that this behavior determines the width of a maximum in the
temperature dependence of Htr [see Figs. 1(a) and 2(a)]. This
width depends on the pinning strength, and consequently is
much broader in the YBCO crystal (strong pinning) than in
the BSCCO crystal (weak pinning). The decay rates in this
regime are nonlogarithmic, which indicates strong vortex-
vortex interactions. This type of magnetic relaxation is in
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agreement with collective flux creep theories20–22 and vortex
glass theories.23–25

At still higher temperatures above Tsp closer to Tc, a
maximum at a temperature Tsb in the temperature dependence
of S is observed. At temperatures above Tsb, S decreases due
to possible effect of surface/geometrical barriers, which dom-
inate at higher temperatures where the bulk pinning is weak.4

The magnitudes of the trapped field Htr, and that of Hrcs in
BSCCO thin film are considerably higher than those found
in the pure BSCCO or YBCO crystals. This is related to
the sample purity, i.e., thin films contain more defects than
crystals. Point defects in the thin film and/or in the interface
between the thin film and the substrate could act as stronger
pinning centers. Artificial defects introduced into BSCCO
by proton irradiation26 also cause an increase in Hrcs. The
magnitudes of Htr and Hrcs are controlled by the number of
pinning centers, as well as by the strength of the pinning
potential. The decay rates S for the BSCCO film [Fig. 3(b)]
are much smaller than those observed for the BSCCO crystal
[Fig. 1(b)] implying that the vortex lines in the film are pinned
by defects of stronger pinning potential than those in the pure
crystal. On the other hand, pinning of the vortex lines in pure

YBCO crystal is stronger than in the BSCCO film, as suggested
by the smaller relaxation rates in YBCO [Fig. 2(b)]. Vortex
pinning in BSCCO is weaker than that in YBCO in view of the
layered vortex structure in two-dimensional BSCCO, which
is sensitive to thermal fluctuations and consists of weakly
coupled two-dimensional pancake vortices.27

In summary, we studied vortex penetration and vortex
trapping (vortex remanent state) in BSCCO and YBCO single
crystals, and in BSCCO thin films, with the emphasis on
the effects of temperature and applied magnetic field. A
maximum in the trapped vortex field Htr(T), observed at
temperatures a few degrees below those corresponding to
the remanent critical state Hrcs(T) line, separates the partial
vortex penetration regime at low temperatures from the
complete vortex penetration regime at high temperatures.
The resultant trapped vortex fields at temperatures below and
above the maximum are characterized by the logarithmic and
nonlogarithmic decays, respectively. At temperatures close to
Tc surface/geometrical barriers contribute to these relaxations.
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