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ABSTRACT

To increase the current density and pinning of magnetic flux in high
temperature superconductors, defects with point-like and line-like geometries were
created in controlled numbers using ion irradiation methods. Single crystals of
Y1Ba2Cu307 and Bi2Sr2Ca1Cu208 superconductors were studied using dc magnetic
methods. These studies showed greatly increased irreversibility in the vortex state
magnetization and enhanced intragrain current density Jc following irradiation.
Linear defects, created by irradiation with energetic heavy ions, are particularly
effective in pinning vortices at higher temperatures and magnetic fields. Further
investigations of "flux creep" (the time dependence of magnetization) are well
described by recent vortex glass and collective pinning theories. Complementary
investigations have delineated the role of oxygen deficiency 5 on pinning in aligned
YjBa2Cu3O7.5 materials.

INTRODUCTION

One of the most exciting and noteworthy recent events in solid state physics
has been the discovery of high temperature superconductivity. After the initial
excitement of their discovery, it was realized the materials have great promise but
also present formidable difficulties. In particular, they have potential for utilization
in a variety of new applications that require the conduction of large, dissipation-free
electric currents in the presence of high magnetic fields. This capability can be
realized only if the material contains microscopic imperfections that abruptly and



significantly alter the superconducting properties over a region of small spatial extent.
These defects prevent motion of the quantized magnetic flux lines, i.e., vortices, that
penetrate the superconductor and that would otherwise dissipate energy while moving
under the influence of a Lorentz force associated with an electric current. By
enhanced flux pinning, a maximum possible loss-free "critical current density" Jc may
be achieved by an optimum array of flux pinning defects. While the facile movement
of magnetic flux lines in high-Tc superconducting cuprates is itself a remarkable
physical phenomenon, it poses potentially serious limitations to many technological
applications.

To quantify and understand better the impact of this easy vortex movement
on the observed properties of these materials, we have studied extensively the dc
magnetization in a variety of cuprate superconductors. The experiments used both
SQUID and vibrating sample magnetometers. In particular, we have studied the
magnetization in the mixed state as a function of temperature T, magnetic field H
(HJ|c-axis), and time t in order to obtain the in-plane current density J and the
effective pinning energy Ueff for flux lines. The quantity Ueff, which depends on T,
H, and especially on the instantaneous current density J(t), generally increases as J
decreases.

We have processed high-Tc cuprate superconductors to produce flux pinning
defects with differing geometries and strengths. The materials include single crystals
of Y1Ba2Cu307 that were either "as prepared" virgin materials with low densities of
point-like defects or crystals irradiated with 3 MeV protons that formed controlled,
high densities of point-like defects; single crystals of Bi2Sr2Ca1Cu2Og and
YjBa2Cu3O7 that were irradiated with 580 MeV Sn ions to create linear columns of
defects; and aligned Y1Ba2Cu307.5 with various oxygen deficiencies 5 < 0.2, where
we have found that progressive removal of oxygen weakens most superconductive
properties.

EXPERIMENTAL ASPECTS

The synthesis and processing of the materials under investigation have been
described earlier. Basically, single crystals of Y1Ba2Cu3O7 were prepared using a
flux-growth method1, as were thin crystals of B^S^CajC^Og. After mounting on
disks of silicon or aluminum and precharacterization, the crystals were irradiated at
room temperature to create an increased density of vortex pinning defects. To form
point-like defects (vacancies, interstitials, site-antisite defects, etc.), YBCO crystals
were irradiated with 3 MeV protons to fluences near 1016 ions/cm2. Alternatively,
irradiation with highly energetic heavy ions (580 MeV Sn + 3 ° ions) produced semi-
continuous columns of high disordered (and likely amorphous) material. These linear
defects, with diameter of —50 A, form via an inelastic electronic excitation process,
parallel to the ionic path. Previous work has shown that continuous columns form
in YBCO, provided that the energy deposition rate exceeds - 2 . 0 keV/A (ref2) to
3.5 keV/A (ref3). Computer calculations for our conditions give energy deposition
rates (2.6-2.0) keV/A to a depth of 20 fim in the crystals, for both YBCO and
BSCCO. For the present cases, the ion beam was directed at a small angle ( -2°)



from the crystalline c-axis, in order to avoid channeling of the ions. Since most
studies were conducted with the magnetic field H || c-axis, this means in principle that
the core of a vortex line can be pinned for a substantial portion of its length. Sn-ion
fluences in the range (0.5 - 4)xlO11 ions/cm2 were used; by multiplying these
fluences by the flux quantum <£o=2.07xl0'11 Tesla-cm2, we reexpress the fluence
in equivalent units of magnetic flux density B^ = (1-8) T. The physical significance
is that in a B-field the density of vortices matches the density of linear defects when
B = B^, since each ion produces one columnar defect.

For insight into the role of chain-site oxygen vacancies on the current carrying
properties of YBCO materials, an aligned composite of small crystallites of
YiBa2Cu307.5 was formed.4 The small grain size, ~ 14 /*m diameter, allowed the
oxygen content (7-5) to be easily and reversibly established in situ, using a thermo-
gravimetic apparatus (TGA). Oxygen deficiencies 5 in the range 0-0.2 were used.

Studies of the dc magnetic properties were conducted in two complementary
facilities, a commercial SQUID-based unit (Quantum Design model MPMS) and a
laboratory-constructed vibrating sample magnetometer (VSM). The circulating
supercurrent density J was determined using the Bean model5 with appropriate
transverse crystal dimensions. Decay of the circulating current density was studied
in the SQUID magnetometer, using short 2 cm scans in order to maintain the sample
in regions of maximum field uniformity. These flux creep measurements commenced
approximately 100 s after the magnetic field in the superconducting solenoid reached
its target value, and continued for times in the range 4 hr - 4 days.

CRITICAL CURRENT DENSITY

It is widely recognized that the conduction of supercurrents in HTSC materials
is greatly affected by the easy motion of vortices. This pronounced movement can
be attributed to a combination of two factors: (1) the potentially high operating
temperatures, since Tc itself is high; and (2) the short coherence lengths that make
the volume of pinned vortex core to be rather small. The qualitative idea is that the
energy scale for core pinning of vortices is ELin = (condensation
energy/volume) x (volume of pinned vortex core). The following discussion presents
examples wherein these two factors are varied separately to a large extent.

Current density in oxygen deficient Y}Ba2Cu307_$ materials: The superconductive
system Y1Ba2Cu3O7_§ is an interesting test case for exploring pinning, as many of
its properties can be readily and reversibly modified by varying the "chain-site"
occupation of oxygen. Some features of these variations have been surveyed in a
recent monograph.6 In our work, we have investigated the influence of oxygen
deficiency d < 0.2 on the intragrain critical current density Jc, which includes
substantial effects of flux creep. These studies are interpreted in terms of
experimentally measured variations in fundamental superconductive properties.7

In Figure 1 is shown the intragrain critical current density Jc versus magnetic
field H || c-axis. Measurements at 4.2 K are shown, as the effects of flux creep are
minimized at low temperatures. All results shown were obtained on one sample of



Fig. 1. Critical current density Jc for oxygen deficient Y1BaoCu3Ox at 4.2 K
versus magnetic field H.

YBCO in which the oxygen content was adjusted to values between 7.00 and 6.80 in
the TGA facility. The exclusive use of one sample for the comparative study is
important, since the material contains a fixed number of pre-existing defects from the
original solid state synthesis. The number of interstitials, cation vacancies, etc. was
not affected by the comparatively low temperature processing used to vary 5, where
temperatures T < 470 °C were used with reduced partial pressures of O2. To
substantiate this contention, the sample was periodically returned to full oxygenation,
where its properties were identical, even after many months of experiments, to those
measured at the beginning of the study.

One of the most striking features of Fig. 1 is the monotonic and substantial
decrease in Jc upon relatively slight oxygen depletion. For most of the field range
shown, the Jc decreased by a factor of ~ 3 after removal of 0.2 oxygens/unit cell.
From a materials processing perspective where a maximum current carrying
capability is desired, these results clearly show that YBCO should be maximally
oxygenated.

These variations in Jc are closely related to changes in fundamental
superconducting parameters. A general viewpoint of layered cuprate superconductors
regards the separator layers, including the Cu-0 chains, as providing a charge
reservoir that controls the charge density in the Cu-0 planes. Consequently it
follows logically that the superconductive properties should change with
deoxygenation, as we have documented with analyses of the equilibrium magneti-
zation, using recent theory of Hao et al.8 This analysis has shown that with
increasing deficiency 5, the condensation energy density Hc

2/8x decreases
continuously and very significantly. This was accompanied by increases in the
coherence lengths £ and the magnetic penetration depths X. Comparable qualitative
trends were observed in a similar study by Daeumling9 on random polycrystalline
YBCO materials, although some quantitative features differ.

Now, for a fixed density of pinning sites, one expects Jc to depend on the
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Fig. 2. Correlation between current density Jc at 4.2 K and model pinning parameter
Fc£ab, for oxygen deficient Y[Ba2Cu3Ox materials. The Jc decreased substantially
as the condensation energy density Fc was lowered by oxygen removal.

energy scale R,in for vortex pinning. In fact, a simple, single site pinning model7

provides the relation Jc « Fc£ab, where Fc is the condensation energy and £ab is the
coherence length in the C u - 0 planes. In Fig. 2, we test this relationship by
plotting values for Jc, taken from Fig. 1 at a field of 3.2 T, versus the respective
values for Fc£ab for samples with 0.2 > 5 > 0. The line, which is constrained to
pass through the origin, is fitted to the experimental data. The close correlation
between these two quantities shows that the decrease in condensation energy
dominates the fall in Jc. An important corroborating feature is that the irreversibility
field also scales extremely well with the same quantity F c | a b . Complementary
studies of flux creep in the same materials have shown good agreement with vortex
glass10 and collective pinning theories.11 In particular, the model relation for Jc

is contained within the collective pinning formulation, which is more appropriate than
the single site model. Although some significant questions remain, the overall
consistency of this study provides considerable support for these recent theories.

Enhanced critical current density via ion irradiation-induced defects. By creating
defects with various morphologies, irradiation of superconductors with different
particles (light ions, heavy ions, neutrons, etc.) frequently leads to increased current
carrying capability12'13 A particularly interesting case is the processing of
Bi2Sr2Ca1Cu2O8 single crystals with heavy ions. As synthesized, these crystals tend
to have naturally occurring defects that are relatively ineffectual in pinning vortices.
An example is shown in Fig. 3, a plot of Jc versus temperature T, with magnetic
fields H || c-axis of 1, 2, and 4 Tesla. For the material as synthesized (B^ = 0), Jc

decreases quite rapidly with temperature, following an almost exponential decay.
After heavy ion irradiation that created columnar defects 1 to the Cu-O planes, the
Jc curves were displaced significantly upward in temperature, by 15-30 K. Some
increase in Jc at the lowest temperatures accompanied this factor-of-two increase in
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Fig. 3. The current density Jc versus temperature T for a Bi2Sr-,Ca1Cu-,O8 single
crystal, prior to irradiation and after irradiation with 580 MeV Sn ions to a fluence
B ,̂ = 5 Tesla, with ion beam || c-axis. Results in 3 applied fields are shown.

potential operating temperature and the reduced temperature dependence. These
dramatic changes14'15 in Jc and diminished dependence on temperature are
consequences of the more effective pinning provided by linear defects with nearly
optimal dimensions and areal densities. As might be expected, the irreversibility line
also is displaced to significantly higher temperatures.14'16 Many similarly
intriguing and corresponding features have been observed in YBCO crystals that were
irradiated to form columnar defects.17 The formation of columnar defects in
Y1Ba2Cu3O7 by heavy ion irradiation has been confirmed by transmission electron
microscopy (TEM) studies. 17 '16>18-19

FLUX CREEP and EFFECTIVE PINNING ENERGY Ueff(J,T) for
VORTICES

The presence of rapid flux motion in high temperature superconductors20

is widely recognized, although its full understanding remains far from universal or
complete. An experimental example illustrating the relative magnitude of this
phenomenon is given in Fig. 4, a plot of M at various temperatures versus the
logarithm of time. In this case, the material was a single crystal of BSCCO
irradiated with Sn ions to a fluence B^ = 5 T.

For thermally activated flux motion, the rate of vortex hopping (which is
directly related to the rate of supercurrent decay) is proportional to an Arrhenius
factor, exp[-Ueff{J.T)/kBT]. Maley et al.21 have used the resulting master rate
equation to develop a procedure for determining the effective pinning energy from
experimentally accessible quantities:
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Fig. 4. The time dependent magnetization of a Bi-cuprate crystal at temperatures 5-
35 K, with applied field H || c-axis of 1 T. The crystal was irradiated with Sn ions
to a fluence of 5 T.

Ueff(J,T) = -T[ln(dM/dt) - C] (1)

Here J is the instantaneous current density obtained from the Bean model, (dM/dt)
is the corresponding time rate of change in the magnetization M, C is a temperature
independent constant whose value is determined by the condition that U at low
temperature should be a continuous function of J; and U is measured in units of
Kelvins by setting kr> = 1.

An example of this analysis is given in Fig. 5, a plot of Ueff(J,T) versus J on
a logarithmic axis, for the temperatures shown. These results were obtained from
the data given in Fig. 4. Note that as J decreases, U increases progressively more
rapidly. Note also that an appropriate extrapolation of the curve to Ueff = 0
intersects the J-axis at the value Jco, the critical current density that would be
observed in the absence of flux creep. Also shown in the figure for comparison are
a few results for the same BSCCO crystal prior to irradiation, where the J-values
were substantially lower.

In Fig. 6, we compile similar results for Ueff in single crystals of
YjBa2Cu3O7, with H|| c-axis = 1 Tesla in all cases. Results are shown for crystals
with three forms of defects: as prepared, with a low density of predominately point-
like defects; proton irradiated, with an optimum density of point-like defects; and
irradiated with 580 MeV Sn ions to contain a nearly optimum density of columnar
defects. Since Ueff is strongly influenced by the current density J, it is chosen as the
independent variable in Fig. 6. As seen in the previous discussion on the BSCCO
crystal, U increases qualitatively as J decreases. Observe also the quantitative
correlation with temperature in Fig. 6: to considerable accuracy, the initial values
of Ueff are directly proportional to the temperature, with Ueff « 20 xT. The initial
value is that first measured after application of magnetic field; for each temperature,
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Fig. 5. The effective vortex pinning energy Uefj<J,T) versus current density J,
determined at the temperatures shown. Data are shown for the same crystal before
irradiation (B^=0) and after heavy ion irradiation (B^=5 T).

it is the datum with the lowest U and highest J values. This feature is accentuated
by the horizontal line drawn to connect the respective points at T=20 K for each of
the three YBCO crystals.

This proportionality between U and T has a simple and yet interesting physical
explanation. During and just after application of magnetic field that induces
supercurrent flow, the current density J is large and U is small, so that flux creep
proceeds very rapidly. As noted earlier, we have dM/dt ex dJ/dt <x exp[-Uefl/kBT].
Consequently, J decreases quickly until the argument of the exponential is large
enough to "stabilize" J during an individual measurement of M. On the time scale
of the SQUID magnetometer, the exponential argument must have a value near -20
for these YBCO materials. So, whatever is the detailed form of the U(J) curve, the
system traces up this curve as time evolves, very rapidly at first and then
progressively more slowly. Operationally, J becomes immeasurably small when the
system becomes incapable of providing the condition U > > T, with the exact
proportionality factor depending on the time scale of the particular experiment. Since
Maxwell's equation V x E = -3B/dt relates the changing flux density to electric field
E, the process is equivalent to establishing a workably small electric field. Finally,
we note that this qualitative discussion depends only on the applicability of Boltzmann
statistics and is independent of the precise form of the U(J) curve. More detailed
analyses of these and similar studies provide very considerable support for a power
law dependence Ueff(J) oc (Jco/J)^, as given by vortex glass and collective pinning
formulations.
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