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The discovery of high-temperature superconductors stimulated many
groups of researchers to study properties of these materials. From the basic
point of view the most important problem is to clarifly the mechanism of
high-temperature superconductivity. From the practical point of view the
most challenging task is to find mechanisms of strong pinning of the vortices,
and thereby to obtain materials with high critical current density. The aim of
this paper is to discuss problems connected with critical current limitations
and to present possibilities which offer irradiation effects with respect to
critical current enhancement.

PACS numbers: 74.60.Ge, 74.60.Jg, 61.80.Hg

1. Mechanisms of critical current limitations

In principle, there are three mechanisms which limit the critical current
density, jc, in type Il superconductors: depairing, decoupling, and depinning.

1.1. Depairing

Depairing critical current means a value of current for which the kinetic
energy of supercurrent carriers is equal to the condensation energy in the super-
conducting state. In other words, for this value of current the superelectrons are
excited over the superconducting gap and the Cooper pairs break up. According
to the BCS theory the depairing critical current is inversely proportional to the
coherence length £. In high temperature superconductors (IITSC), due to a very
small value of ¢, this current is quite large (10° A/cm? at low temperatures),
therefore from the practical point of view this process is not the real limitation.

(139)
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1.2. Decoupling

The critical current density, jc, is reduced -drastically by layers of non-super-
conducting material. For layers consisting of insulators the supercurrent could be
maintained by tunneling, for semiconductor or normal metal layer the proximity
effect could enable one a flow of supercurrent. The critical current limited by
decoupling is very sensitive to the external magnetic field. The magnetic field of
the order of ten Gauss can lead to one order of magnitude reduction of j.. This
mechanism is the most evident in II'TSC ceramics. In ceramic samples, prepared
in the conventional manner, the so-called intragrain critical current (the current
that could flow through the grain) is 3 or 4 orders of magnitude higher than the
intergrain current, i.e. the current which could flow through the whole sample.
However, careful examination of j. as a function of external magnetic field in
HTSC single crystals shows that mechanism of decoupling can be responsible for
jc(H) behavior. This problem will be discussed further.

1.3. Depinning

Above the first critical field the magnetic flux penetrates a sample in a form
of flux lines (vortices) and each vortex carries one flux quantum &@o. The transport
current flowing through the sample exerts the Lorentz force acting on each flux
line

Fi,=Jx B. (1)
The Lorentz force can accelerate a flux line to a velocity v and as a result an electric
field F = B X v occurs in the superconductor, which becomes resistive. Also in the
case, when there is no external magnetic ficld, the field generated by the transport
current enters the sample as flux lines. The only way to obtain reasonable critical
currents is to make the movement of the flux lines impossible. This can be achieved
by defects existing in the material. In the neighborhood of the defects, the critical
temperature and the Ginzburg-Landau parameter % are different from those for
the rest of the material. For this reason, the condensation energy of such regions
is reduced. When the normal core of a flux line is located at a defect, the so-called
pinning force Fp makes impossible a movement of the flux line as long as it is
bigger than Fy,. This type of pinning is called the core pinning. Another possible
mechanism is connected with magnetic interactions between flux lines and defects
or sample surface. It is called the magnetic pinning. The characteristic length for
magnetic pinning is the magnetic penetration depth A. Since the vortex core radius
is equal to the coherence length &, its value is the characteristic length for the core
pinning.

Flux lines can be also hindered by mutual interactions. The critical current
is proportional to the pinning force and is defined by the balance between the
pinning and Lorentz force

FL'—‘-JCXB:FP. (2)

Mechanisms of the above-mentioned critical current limitations concern all
type II superconductors [1]. It seems worthwhile to point out some problems that
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are specific for ITSC materials, especially when they are expected to work at
higher temperature (e.g. 77 K).

2. The main peculiaritics of HTSC

From the point of view of critical currents limitations the following charac-
teristic features of HTSC compounds seem to be relevant: a small value of the
coherence length ¢, a large value of the penetration depth ), high anisotropy of
the crystal structure and physical properties, relatively high critical temperature,
an irreversibility line (or melting line).

2.1. A small value of the coherence length &

For YBayCuzOyz, £ap & 12 A, & ~ 3-4 A, for BiySr2CaCu;0g, &ap ~ 30 A

and €, ~ 1 A. The symbols £ and &, denote the coherence length in the a-b
plane and in the c-direction, respectively, According to the existing experimental
- data, anisotropy in the a-b plane is negligible, therefore &,; corresponds to &, = &.
In contrast, the coherence length of conventional metallic superconductors ranges
from 100 to 600 A. The coherence length € is the fundamental parameter, and its
value strongly influences many quantities describing processes involved in critical
current limitations. In more detail it will be discussed below. It should be empha-
sized that the tendency to form the Josephson weak links (particularly at the grain
boundaries) is just a consequence of small value of £. The fact that ¢ along the
c-axis is much shorter than the length of the crystallographic axis ¢ (¢ & 11.7 A in
YBa2Cu30y7) yields a possibility of a specific mechanism of pinning, the so-called
intrinsic pinning [2]. According to Tachiki and Takahashi [2] the layered structure
of HTSC itself works as a strong pinning center of the vortices. This mechanism for
YBaCuO could be explained as follows. The CuOs layers and their surrounding are
strongly superconducting. The layers containing CuQO chains and their surround-
ing are weakly superconducting and characterized by a smaller superconducting
order parameter. Let us consider a situation when the field (vortex) direction is
parallel to the a-b plane. The superconducting order parameter inside the core of
vortex almost vanishes. Therefore, the vortex placed around the layers with CuO
chains realizes the minimum of energy. Consequently, the vortices are stabilized in
these planes. For the field at a small angle with respect to the a-b plane, the vortex
cores keep the position as above at the greater part of their length, turning and
crossing the planes at some points as required by the macroscopic flux direction.
When the flux line cross the a-b planes, it may be viewed as being composed of 2D
vortices (called by Clem the “pancake vortices” [3]) localized in individual layers
and lateral segments in the interlayer spacings. The magnetic field perpendicular
to the a-b planes produces also the “pancake” vortices that form stacks along the
field direction, interacting by the Josephson coupling. The thermal excitations can
easily decouple vortices from neighboring planes. The mechanism of the intrinsic
pinning well explains experimental results obtained for YBaCuO epitaxial thin
films. For the current flowing in the a-b plane the highest j. value is realized with
the external magnetic field parallel to the a-b plane. For the magnetic field parallel
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to the c-axis j. becomes lower [4]. Another consequence of the small value of £
is a possibility of a contribution of the point defects (e.g. missing atoms) to the
pinning.

2.2 A large value of the penelration depth A

For YBayCu3O7, Ags &~ 1400 A, A, ~ 7000 A and for BiySryCaCuy0s re-
spective values are equal to about 3400 A and 7500 A. Therefore, the internal
magnetic field in the vortex lattice is almost uniform, so the magnetic pinning is
very weak. The intervortex forces caused by the current—current interactions of
the vortices are also relatively weak (e.g. in comparison with the intrinsic pinning)
for the same reason.

2.3. High anisotropy of the crystal structure and physical properties

The structure of HITSC compounds can be regarded as a stack of CuO,
planes (parallel to the basal a-b plane) being quasi two-dimensional metal sheets
weakly coupled with adjacent planes. The character of electric conductivity, in the
normal state, along the a-b plane is of metal type, and in the c-direction is of
semiconducting type (single particle tunneling). Strong anisotropy is exhibited by
basic parameters such as the coherence length, the penetration depth, the critical
current as well as the first and second critical fields. The strong anisotropy has been
found in the best known IITSC compound, YBayCuzO7_;. Because of the increase
in the distance between the CuO; plancs and the decrease in the coherence length
¢ in the c-direction, in BiSrCaCuO and T1BaCaCuO compounds in comparison
with YBaCuO, the anisotropy is stronger by one order of magnitude. Because of
the scope of this paper, the anisotropy of the critical current density are discussed
below in more details.

Generally, j. should depend not only on the anisotropy of material properties
but also on the possible anisotropy of pinning forces. Therefore, two factors — the
direction of external magnetic field and the direction of current — should be taken
into account. In the case of external magnetic field along the c-axis an essentially
isotropic critical current is induced in the a-b plane. According to the notation
proposed by Malozemoff [5] it can be denoted by j&, where the first superscript
ab denotes the current orientation, and the second one ¢ denotes the field direction.
When the field is parallel to the a-b plane, two components should be distinguished:
J&% component for the current in the c-direction, and jé49% component for the
current along the a-b plane. The corresponding Lorentz forces act along the a-b
plane and perpendicular to the a-b plane, respectively. Because of the already
mentioned intrinsic pinning, jé4? is at least one order of magnitude greater than
jg'“b . The careful magnetic measurements of all these three components [6] show
that ja:° is close to jab:ab,

2.4. Relutively high critical temperature

HTSC can be used at the temperatures at least one order of magnitude
higher than conventional superconductors. Therefore, the influence of the thermal
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activation is much more pronounced in these materials [7, 8]. At sufficiently high
temperatures the thermal energy, kpT, is comparable with the flux pinning energy.
As a result, thermally assisted motion of flux lines occurs, leading to the energy
dissipation. One can distinguish the flux creep [9] — hopping from one potential
pinning well to another, and viscous thermally assisted flux flow (TAFF) [10]. The
flux creep can be detected as a decay of magnetization (superconducting current)
with time and the flux-flow as an appearance of resistivity when an electric current
is passing through a superconductor in a magnetic field. In fact, large magnetic
relaxation, approximately logarithmic in time, is one of the characteristic features
of HTSC compounds. The logarithmic relaxation rate dM/dIn(¢t) shows a peak,
both as a function of temperature and of magnetic field. The thermally assisted
flux-flow is characterized by linear current-voltage dependence with the resistivity
prarF strongly dependent on temperature. TAFF well explains large broaden-
ing of p(T) in magnetic field, commonly observed in H'TSC. This broadening is
anisotropic, being greater for the ficld parallel to the c-axis [11]. The thermally
assisted flux-flow occurs even for values of current much lower than j.. The flux
creep occurs only for currents on the level of j., when the superconductor is in the
critical state. In the conventional (type IT) superconductors this eflect is observed
at temperatures very close to T¢. In II'TSC, the giant flux creep [12] occurs in large
temperature range.

The thermal activation of a vortex situated at the pinning center gives a
certain probability of the vortex transition to an excited state. Discussing this
problem, one can describe a pinning center as a potential well of Uy depth. The
value of Uy is proportional to V H2, where I means the thermodynamical critical
field and V — a characteristic volume of vortex interaction with the pinning center.
This volume is determined by the value of €. Because the coherence length in HTSC
is very small, in spite of relatively high value of H, the value of Uj is rather small.
The values of Uy in HTSC are of one or two orders of magnitude smaller than those
in typical conventional superconductors, where they attain several electronovolts.
In YBaCuO single crystals, according to the data presented by Yeshurun et al.
[13], Up = 0.02 eV for the magnetic field parallel to the c-axis and Uy = 0.2 eV for
the field parallel to the a-b plane. This is the reason why the thermal activation at
high temperatures strongly limits possibilities of obtaining high values of critical
current. The interesting possibility was suggested by Blatter et al. [14] and by
Motta and at al. [15]. Flux lines may still move even at very low temperatures,
where a thermal activation rate becomes negligibly small, due to the quantum
mechanical tunneling.

2.5. An irreversibilily line (or melling line)

In HTSC materials the onset points of the diamagnetism and of the super-
conducting critical current form apparently different lines in the H-T plane, i.e.
the phase transition line and the irreversibility line, respectively. Above the ir-
reversibility line the reversible magnetization is observed only, whereas below it,
the magnetization becomes increasingly irreversible. This line is sometimes called
the “melting line”, because it is assumed that above this line the long range vor-
tex order is lost, and the regular Abrikosov array of vortices is “melted”. The
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irreversibility line (onset of j.) shifts a region of potential applications to lower
fields and temperatures than that resulting from the phase transition line Heo(T).
For YBayCu307, onset of j. is about 5 K below T¢ in the field of few Tesla.
In the case of bismuth based compounds this eflect is much more pronounced.
The respective shift of about 50 K, even in the field of few kOe, was observed
in BiySrpCaCus0s4, (Tc = 85 K). It completely rules out this compound from
the applications at 77 K. The irreversibility lines in II'TSC are anisotropic and
always occur at higher fields and temperatures for external magnetic field parallel
to the a-b plane. This fact can be easily explained within the framework of intrin-
sic pinning mechanism anisotropy. It was believed that the temperature region of
reversible flux motion in conventional metallic superconductors would be too small
to be easily observed and of any significance. Illowever, the existence of surprisingly
large region of reversible magnetization was found recently for multifilamentary
Nb3Sn and Nb-Ti wires [16].

The mechanisms of the critical current limitations, discussed above, can be
summarized as follows.- The dissipation of energy in the mixed state, arising from
the motion of flux lines, is described by a competition among the driving force,
pinning force and a force exerted by other flux lines. The driving force acting on
every flux line — it is the Lorentz force J x B. The pinning force acting on every
flux line has its source in defects originally existing in the material or artificially
introduced. The competition among these forces depends on temperature as well
as on strength and orientation of the magnetic field. When flux lines are parallel
to the a-b plane the intrinsic pinning plays an important role.

3. Characteristic features of various types of HTSC materials

Values of critical current in IITSC compounds are strongly dependent on
the type of the material. Different values of j. are obtained for a single crystal,
epitaxial film or polycrystalline samples. For this reason, it seems worthwhile to
summarize shortly typical properties of each type. This will be done below, mainly
for YBaCu3O7..,. However, many of these features are characteristic for other
compounds as well. :

3.1. Single crystals

Typical values of j. in the a-b plane for YBasCu3zO7_; at 77 K and in a field
of about 10 kOe are of the order of 10* A/cm?. This value is limited by depinning
and it can be significantly enhanced (even more than one order of magnitude),
e.g. by neutron irradiation [17]. In majority of YBa2Cu3zO7_, single crystals the
twin boundaries are present that can act as pinning centers. However, there is no
consensus on the relative strength of twin pinning in comparison to other sources
of pinning. The characteristic feature of single crystals of YBayCuzO7_,, also
observed in some ceramic samples, is the so-called “fish tail” effect. As was shown
by Daeumling et al. [18], in spite of the first maximum in a magnetization loop in
almost zero field, an anomalous second large peak was observed, e.g. at 70 K in
about 45 kOe. This effect was explained, assuming existence of oxygen-deficient
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regions with significantly lower Hcy(T'), where superconductivity is suppressed at
higher fields. These regions can play a role of very efficient pinning centers. An
appearance of a steep fall beyond the second peak indicates that presumably these
regions form internal barriers leading to some kind of crystal granularity [19]. In
this case, it is not an easy task to calculate properly j. from the magnetization
measurements because of uncertainty concerning the value that should be used as
a radius of a supercurrent loop. Single crystals play an important role in studies
of basic properties of IITSC materials but their applications seem to be strongly
limited because of small sizes (less than 0.1 cm?).

3.2. Epilazial thin films

The highest j. values were obtained in these materials. Many groups of
researchers achieved j; of the order of 108 A/cm? at 77 K in YBayCu3O7_, films.
The critical current density in thin films, limited by depinning as in single crystals,
gives a possibility of j. enhancement by irradiation. Measurements of angular
dependence of j.(B) for the magnetic field parallel to the a-b plane give evidence
of intrinsic pinning in thin films. Iowever, this mechanism cannot explain the
high values of j. for the field parallel to the c-axis. Investigations of YBaCuO
thin films, by means of scanning tunneling microscopy [20], have shown a large
density of screw dislocations, which presumably play a role of very effective pinning
centers, and are responsible for high values of j..

3.3. Polycrystalline samples

The values of j. in ceramic samples, produced by conventional methods, are
two to four orders of magnitude lower than those of single crystals or epitaxial
thin films. The basic reasons for that fact are following: atomic disorder at grain
boundaries, random orientation of grains, stoichiometry imperfections, secondary
phase at grain boundaries, and poor connections between grains. All the above
reasons, because of short coherence length and large anisotropy of I'TSC, lead
to a weak coupling at the grain boundarics between strongly superconducting
grains. This weak-link behavior results in a low transport current density in zero
magnetic field, with typical values of order of 100 A/cm? at 77 K, and with a
strong decrease in j. in magnetic field of tens of Gauss. As a natural solution of
the problems discussed above, several methods were proposed to achieve higher j.
value: grain alignment, improvement by additives, melt-texturing.

3.3.1. Grain alignment

Using mechanical texturing, magnetic orientation and directional solidifica-
tion one aligns grains within a few degrees, thereby the current can flow along
strongly superconducting a-b planes. In magnetic ordering method, for example,
a powdered sample is mixed with a solvent and oriented in a magnetic field of
several Tesla. Then the solvent is evaporated, the field is removed and the sample
is sintered. This method enables one to obtain samples with j. & 2000 A/cm? at
77 K [21].
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3.3.2. Improvement by addilives

Many groups of scientists have studied the influence of different additives
(silver, gold, ferromagnetic elements) on inter- and intragrain critical current den-
sity. It seems that the most promising results were obtained with silver. This
element, depending on the processing technology, either forms precipitates at the
grain boundaries or substitutes copper in superconducting compound. An over-
wiev of effects of silver addition is given by Schinde et al. [22]. Silver placed within
grain boundaries leads to better connections between grains and to closer packing.
As a result j. of order of 10 A/cm? can be achieved at 77 K and in zero magnetic
field. Silver introduced to the compound enhanced the intragrain critical current
5 times. Another important possibility was reported by Schilling et al. [23]. An
addition of BaTiO3 (5 w%) to YBayCu307_, completely changed the field depen-
dence of j.. As a result, an improvement by one order of magnitude was achieved
at 77 K in 40 kOe, in comparison with a pure sample.

3.3.3. Mell-lexturing

In the authors’ opinion it is the most promising method for obtaining sam-
ples with high j. suitable for practical applications. This method, originally in-
troduced by Jin et al. [24], was called melt-textured growth (MTG). Some other
approaches were proposed by Salama et al. [25] — called liquid-phase processing
(LPP), Murakami et al. [26] — melt powder melt growth (MPMG) and by Zhou
Lian et al. [27] — powder meltingprocess (PMP). In all these processes, very
dense and well-aligned samples with large grain boundary areas and grains up to
a centimeter in length are obtained. It can be observed from the phase diagram of
YBaCu3zO7-, (123) [28] that the sample heated above the peritectic decomposi-
tion temperature (1015°C) melts incongruently into a liquid, the solid YoBaCuOs
(211) and the solid Y03 phases according to the reactions:

123 — 211 + Liquid, 1015°C < T < 1300°C,

211 + Liquid — Y303 + Liquid, 1300°C < T' < 1500°C.
On subsequent slow cooling of the semi-solid melt below the peritectic tempera-
ture (in some approaches the temperature gradient is used to enhance grains align-
ment) oriented 123 samples are formed, with 211 inclusions randomly distributed
throughout the superconducting matrix. Critical current densities of such sam-
ples approach to 10° A/cm? in zero magnetic field and more than 10 A/cm? in
10 kQe. Although the size of 211 inclusions is relatively large (about 1 micron),
in comparison with the coherence length, they form very eflicient pinning centers.
The important advantage, as it was pointed out by Murakami et al. [29], is the
fact that the flux creep rate is quite small in comparison with that of thin films. It
means that the pinning potentials of large normal precipitations are much bigger
than those of small pinning centers. Therelore, the flux motion is less affected by
thermal activation. In fact, in the case of the point defects of the order of the
coherence length, the pinning energy is described as follows:

Up = (H2/87)(4/3)n¢%. (3)
At the temperature of 77 K, when H. = 3000 Gs and £ = 20 A, the pinning energy
is equal to about 0.01 eV, though it is of the order of thermal energy kgT. In the
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case of larger defects, the pinning energy is described by the following formula:

Up = (HZ/8m)me?d, , (4)
where d is a length of defect. Taking typical size of 211 inclusions, d ~ 1 um, one
can get U, ~ 5 eV.

One should remember that from the point of view of practical applications
the problem of availability of superconductors in the form of relatively long wire
or tape is important. In such wires critical densities of order of 10° A /cm? should
be achieved. At present, the most encouraging results were obtained for silver
coated BizSraCasCus0yg (Tc = 105 K) wires. They are characterized by extensive
texturing and small-angle grain boundaries. In 50 ¢cm long wires, j. & 10* A/cm?
was achieved at 77 K, in the ficld of 10 kOe applied parallel to the wire [30]. In
multifilamentary YBa;CuzO, wires, 20 meters long, j. &~ 4000-6000 A/cm? was
achieved at 50 K in zero magnetic field [31]. Technical applications of conventional
superconductors have been realized with Nb-Ti alloys (T = 9 K) and NbsSn
(T: = 18 K). In Nb-Ti and Nb3Sn, fabricated in the form of multifilamentary
conductors, critical transport current densities exceeding 10° A/em? at 4.2 K in
the fields of about 100 kOe can be achicved.

4. Measurcment techniques

In order to characterize HTSC materials in details, various measurement
techniques should be used. Ifowever, basic parameters, such as critical tempera-
tures, critical fields and critical currents, are determined by two main methods —
transport measurements and magnetic measurements (both ac susceptibility and
dc magnetization).

The critical current, which is the subject of particular interest of the paper,
can be determined from transport and magnetic measurements as well. llowever,
one should be careful comparing j. values obtained by different methods. Even for
the same sample j. values frequently differ by a factor of 3-4.

In the transport measurements the four-probe method is generally in use, and
the critical current is defined as a value of current for which non-zero resistance of a
sample appears. The precision of such measurements depends on the sensitivity and
the resolution of measuring set being applied. In typical equipment the criterion
of 1 uV/cm is fulfilled. The crucial problem for this method is also the quality of
contacts. Especially current contacts are important, because of possible dissipation
of energy in these contacts in the case of high current density. In the case of very
high critical current density the pulse method is commonly in use. It lowers an
average current flowing through the sample, however proper determination of jc
becomes difficult. Also the geometry of the investigated sample and the geometry
of contacts, the latter especially important in the case of small samples, can be a
source of some errors in evaluation of j..

The magnetic method of j. determination as a contactless method is very
suitable from the experimental point of view. The value of j is determined from
the magnetic hysteresis loop. In this method the most important problem is the
question: to what extent the theoretical model used in the calculation of j. de-
scribes the real physical situation. The most commonly in use is the Bean model
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of the critical state [32, 33] and also some more sophisticated models based on this
first model (e.g. the critical current anisotropy model [6]). One should take into
account that the sensitivity of magnetic measurements for samples of millimeter
sizes is about three orders of magnitude better than that commonly obtained from
the transport measurements. In the case of high values of the critical current, when
one compares the values obtained from the magnetic method with transport pulse
method, the following facts should be taken into account. The time scale for the
transport method depends on the time of pulse. Typically it is 10~3 s, which is
the time scale of quite large magnetic moment relaxation. For the time scale of
M(H) loop measurement of 10? s and logarithmic time dependence of relaxation
the critical current delay is much smaller (about five times). In any case the value
of magnetic j. determined from AM(II) loop should be smaller than j. obtained
from the transport pulse method and should correspond to the real critical current
density.

For all these reasons the values of j. should be treated as rather approximate
numbers, especially when one compares results obtained by different techniques
and on different samples (single crystals, thin films, ceramics).

5. Irradiation effects in HTSC materials

Understanding of the mechanisms that control the critical current density j.
is not satisfactory, even in the case of conventional type II superconductors. The
situation seems to be more complicated for IITSC compounds, because each defect
with the size comparable to the coherence length £ can play the role of a pinning
center, and therefore change the value of j.. As £ is of the order of nanometers or
less, a large variety of structural defects could contribute to the pinning process.
Moreover,  is highly anisotropic and temperature dependent and it introduces
additional complications.

It has been established that the defects introduced by neutron, proton or
heavy ion irradiation are eflective pinning centers. The irradiation leads to sig-
nificant enhancement of j., modifying also the irreversibility line and the value
of the activation energy Up [34]. Ilowever, it should be pointed out, especially
with regard to the j. enhancement that the cffect depends strongly on the type
of material (single crystal, ceramic or thin film). In the case of typical ceramics,
with jc limited by weak links, the irradiation enliances the flux pinning inside the
grains, but simultaneously damages the intergrain junctions. In consequence, the
transport critical current decreases after irradiation [35-37]. Ilence, the promising
materials for application are epitaxial thin films, single crystals and melt-textured
materials. In those materials weak links arc absent or they do not limit jo. On
the other hand, the application of various kinds of irradiation helps to improve
understanding the nature of the pinning centers and all related phenomena. The
following differences should be taken into account, when one compares results of
irradiation with various kinds of particles. Ncutrons can easily penetrate the whole
volume of big samples because of their lack of an electric charge. The main result
of irradiation with fast neutrons (encrgies of the order of MeV) is a production of
defect cascades with a mean diameter of about 5 nm. It is close to the flux line
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d:lameter of 2645 = 7.6 nm at 77 K for YBaCuO. A certain disadvantage of this
kind of irradiation is the activation of the material by thermal and epithermal neu-
trons. This fact excludes compounds with elements of long decay time. Generally,
the samples can be measured safely after some time, depending on the compound
and applied neutron dose. For YBaCuO or BiSrCaCuO compounds this time is
not too long for moderate doses, and usually it is not more than a few weeks.

In principle, the majority of neutron irradiation experiments have been made
with fast neutrons. However other possibilities are not excluded. Fleischer et al. [38]
studied the eflect of fission fragments on critical intragrain currents in YBaCuO
ceramic. The samples were sintered with natural uranium and fission was induced
by exposure to thermal neutrons. An increase in intragrain current in the doped
samples was observed, while in pure samples j. was almost unchanged. It is also
interesting to explore the possibilities of flux pinning enhancement in Li-doped
materials following thermal neutron irradiation through the reaction products 3H
(2.73 MeV) and *Ile (2.05 MeV) [39]. In the particular case of GdBaCuO, because
of large neutron capture cross section of 35Gd and 157Gd, thermal neutron irra-
diation can lead to the creation of defects dilferent from those due to fast neutron
induced cascades [40].

Heavy ion irradiation leads to the formation of continuous latent tracks, i.e.
tubes of amorphous material of about 7 nm in diameter. Hardy et al. [41] found
that latent tracks produced by 5.3 GeV Pb ions induced a strong anisotropic flux
pinning and critical current density. It results in twentyfold increase in j. at 77 K
in the magnetic field of 20 kOe oriented parallel to the tracks, for the fluence of
3 x 10! ions/cm?. In this case the pinning energy of 0.5 eV of irradiated material
was inferred. This kind of irradiation does not activate the material. However,
the application of the method is limited by the ions penetration depth of about
200 pm, depending on the energy.

Proton irradiation produces mainly point defects and does not activate ma-
terials. The penetration depth of protons is also limited to about 200 pm. Fur-
thermore, proton irradiation facilities allow one to use collimated beams (diam-
eter of about 0.3 microns). It provides a very convenient possibility of modula-
tion of the superconducting properties of thin films, including a production of
non-superconducting regions. This possibility seems to be very important with re-
gard to a production of small scale devices based on II'TSC compounds. Another
advantage of ion and proton irradiation is the possibility of applying the particle
beam in defined directions with respect to the crystallographic axes. This aspect
is important because of the high anisotropy of I'TSC compounds.

One can notice the difference between neutron, heavy ions and proton irra-
diations by the comparison of their influence on the position of the irreversibility
line and magnetic relaxation. Measurements of proton irradiated single crystals of
YBaCuO [42] show a large increase in j, but no change of the irreversibility line.
On the contrary, 5.3 GeV Pb ions irradiation [43] leads to a dramatic change of
the irreversibility line. The irreversibility temperature increases and the curvature
of the irreversibility line changes the sign. It is accompanied by an enhancement of
Jc and a decrease in the normalized relaxation rates [44]. Neutron irradiation ex-
periments give more complicated results [45]. Dilferent shifts of the irreversibility
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line are observed, depending on the magnetic ficld orientation and values of neu-
tron fluence. Neutron irradiation causes drastic reduction of the relaxation rates
for temperatures up to 50 K. At higler temperatures an increase is observed, in
contrast to the behavior in the nonirradiated state [46].

The difference between effects of proton, heavy ion and neutron irradiation
of HTSC can be presumably attributed to the different nature of the radiation
induced defects. For protons, only small clusters of one or a few displacements
are produced, therefore their nature is similar to the defects already existing in
nonirradiated samples. They scem to be able to enhance j. because of a larger
number of defects, but not to shift the irreversibility line because of similar pin-
ning potential in comparison with that existing originally. In the case of heavy
ions and neutrons, large defects introduced by irradiation have pinning potentials
different from existing initially. Therefore, they are able to enhance j. and shift
the irreversibility line simultaneously. The effects of fast neutron irradiation on
various types of II'TSC materials are discussed in detail below.

6. Influence of fast neutron irradiation
on propertics of various types of HTSC

The measurements discussed below concern the samples irradiated at room
temperature. The values of fluence were estimated with an accuracy of 10% and
they correspond to the neutron energies above 1 MeV. For a comparison with the
experiments in which fluence is estimated for neutrons with energy £ > 0.1 MeV
or E > 0.5 MeV our value of fluence for £ > 1 MeV should be multiplied by 2.20
or 1.44, respectively.

The majority of experiments, at least at early stage of investigations of
HTSC, were done with sintered materials. Thereflore, we start the discussion with
ceramic samples.

6.1. Ceramic samples

In the case of ceramics we can distinguish two critical currents — the intra-
grain critical current which corresponds to the critical current of single crystals
(bulk or thin film) and the intergrain critical current limited by the grains con-
nections. It has to be borne in mind that an increase in the intragrain critical
current (as deduced from magnetic measurements) alter neutron irradiation is not
accompanied by an increase in the intergrain current, determined from transport jc
measurements. This behavior is a consequence of an enhancement of flux pinning
inside grains, associated in the same time with damages of intergrain junctions.
Magnetic measurements of irradiated ceramics can tell us to what extent the intra-
grain jc can be enhanced and what changes on j.(T, B) can occur. They can also
give us information on changes of T¢, of the normal state resistance as well as of
the irreversibility line. Such studies enable one to establish the general features of
the response of HITSC compounds to neutron irradiation. Ilowever, of course the
anisotropy of the measured properties can not be inferred from these experiments.

Studies of neutron irradiation eflects on ceramics have been carried out, by
several groups of researchers, on different II'TSC compounds, namely LaSrCuO,
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e.g. Ref. [47], YBaCuO, e.g. Ref. [35, 36, 48-51], Bi(Pb)SrCaCuO, e.g. Ref. [52, 53]
and also BaKBiO, e.g. Refl. [54]. In the present paper, on the base of the earlier
works, the influence of fast neutron irradiation on the magnetlc and transport
properties of YBayCu3O7_; and Big 7Pbg 3SrCaCuy 5O, is summarized. Also the
comparison of irradiation effects on the 60 K- and the 90 K-phase of YBaCuO
reported in Ref. [55], is discussed. In this case, because of the essential role of the
oxygen in YBaCuO compounds, the comparative studies of radiation effects in
both phases should be carried out.

The influence of irradiation on T, for the 90 K-phase of YBaCuO and
110 K-phase of BiPbSrCaCuO samples was studied in rather wide range of flu-
ences, from 4.0 x 1016 up to 3.3 x 10'® n/cm? (YBaCuO), and from 3.3 x 1016 up
to 3.0 x 10!® n/cm? (BiPbSrCaCuO). Critical temperature drops more abruptly
for BiPbSrCaCuO system (for a nonirradiated sample T, = 108 & 1 K) than for
YBaCuO (Te = 92.3+ 0.5 K). The decrease in T is about 10.3 K per 10'® n/cm?
and about 2.4 K per 10!® n/cm? for Bi- and Y-base materials, respectively. In
the case of 60 K-phase of YBaCuQO the range of applied fluences was narrower
(5.0 x 106 to 1.5 x 107 n/em?) and it scems that T drops quicker than for the
90 K-phase.

The lower critical ficld, determined from a linear part of M (H) at 4.2 K, de-.
creases with fluence both for YBaCuO and BiPbSrCaCuO samples. In the first
case, Hq; equals 380 £ 50 Oc for a nonirradiated sample and drops down to
210 £ 50 Oe after irradiation with a fluence of 8.7 x 107 n/ecm2. For
BiPbSrCaCuO, H; equals 600 4= 90 Oe before irradiation and decreases to 300 +
50 Oe after irradiation with a fluence of 3.0 x 10!® n/cm?. This behavior was con-
firmed later by magnetooptic measurements carried out on BisSr2CaCuz0; single
crystals [56, 57]. H, is related to the penetration depth, A, and to the correlation
length, £, through the formula

He = Solnk/dxl, (5)

where & = A/€. Taking into account the changes of I alter neutron irradiation
one could not exclude a priori the changes in the parameters A and §. Studies
of irradiation influence on the penectration depth A are currently under way in
our group. Ilowever, it is also possible that instead of H¢; the surface barrier
(Bean-Livingston barrier, see Ref. [58]) is allected by irradiation. This problem
was discussed for example by Konczykowski [59].

The influence of irradiation on the intragrain critical cunent density could be
easily inferred from M (I{) hysteresis loops. Ifowever, an accurate determination of
the absolute values of j. is difficult for ceramic samples, because the exact informa-
tion on the sizes and shapes of grains (diameters of supercurrents loops) would be
needed. The sizes of the grains were not controlled in our processing technology, so
we could use only approximate mean diameters. In the case of ceramics, the data
could be analyzed only in terms of the isotropic Bean model, which introduces ad-
ditional uncertainties because of the anisotropic nature of these compounds. The
most reasonable way of estimation of irradiation influence is to compare the widths
of the hysteresis loops before and after irradiation. AM™/AMPOMT are propor-
tional to the corresponding fractional change of je, i.e. ji /j2oni' . Comparison of
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the influence of irradiation on the 90 K-phase of YBaCuO and on BiPbSrCaCuO
ceramics at different temperatures is shown in Table.

TABLE
The influence of irradiation on 7, and the intragrain
critical currents measured at 4.2, 42 and 77 K in the
magnetic field of 10 kOe for polycrystalline YBaCuO
and BiPbSrCaCuO systems.

YBasCuzOv7_;
T (K) fluence (10'® n/cm?)
0.18 | 0.37| 0.61 2.7 3.3
4.2 1.8 1.8 2.0 1.6 1.7
jirfjnonier 49 | 70| 64| 11.7| 51| 57
77 99| 59} 97 04 0.2

AT, (K) -09|-14]|-22|-66] -84
Bio_'beo_;;Sl’CaCul,sO,;
T (K) (luence (10'® n/em?)

0.033] 0.16{ 0.4} 0.66 3.0
4.2 121 18] 20| 1.9 0.9

jire [ jnonire 49 20| 7.6| 205 13.0 0.5

AT, (K) 0 | -3.0]-4.1]-6.5| -31.0

According to above discussion one can make only a rough comparison of j.’s
of these two compounds by assuming that the mean diameter of the supercur-
rent loops is the same in each case. For instance, if one assumes an average grain
size of 10 ym for the 90 K-phase of YBaCuO samples irradiated with fluence of
6.1 x 107 n/ecm?, j. equals 4.2 x 10¢ and 8.4 x 10* A/cm? at 4.2 and 77 K, re-
spectively. It should be pointed out that in contrast to the 90 K-phase of YBaCuO,
in the case of BiPbSrCaCuO samples, at 77 K, even after irradiation a reversible
behavior is observed in the hysteresis loops in higher fields. The similar situation
is observed at 40 K for the 60 K-phase of YBaCuOQ. In addition, in the case of
60 K-phase critical current density decreases more quickly with temperature and
field in comparison with the 90 K-phase. This is in agreement with the fact that
the irreversibility line in the 60 K-phase is shifted to the region of lower fields and
temperatures in comparison with the 90 K-phase. This problem and the influence
- of irradiation on the position of irreversibility line are discussed below.

One could notice that the influence of irradiation is rather similar in the
case of the BiPbSrCaCuO and 90 K-phase of YBaCuO. An increase in j, is rather
significant (for fluences up to 6.6 x 10!7 n/cm?), especially at higher tempera-
tures and lower fields. In another experiment [55], the 60 K- and 90 K-phase of
YBaCuO ceramics have been subjected to fast neutron irradiation with the flu-
ences of 0.35, 0.76 and 1.05 x 107 n/em?. The effects of irradiation were found
to be significantly different in the two phases. Whereas the enhancement of j. was
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very pronounced in the 90 K-phase (even up to the factors of 40 at 77 K and in
10 kOe), the increase in j. was rather moderate in the 60 K-phase (factors of 1.5 to
5) and only weakly temperature and ficld dependent. The influence of irradiation
on the irreversibility line in the 60 K- and the 90 K-phase of YBaCuO was reported
in Ref. [65]. Irreversibility lines were studied by means of ac-susceptibility mea-
surements (1 Oe, v = 21 IIz). Although the irreversibility temperature in constant
field is usually defined through the peak in the imaginary component of suscepti-
bility x”, in the case of discussed measurements the tangents of real component
X' were chosen due to the following reasons. In ceramics the x” component usu-
ally shows two peaks which are related to the intra- and the intergrain currents,
respectively. After irradiation, due to destruction of weak links between grains,
the intragrain peak is masked by the continuously broadened intergrain peak. On
the other hand, the x’ signal remains reasonably sharp and could be used for de-
termination of a position of the irreversibility line with a sufficient accuracy. The
results both for the 60 K- and for the 90 K-phase of YBaCuO are shown in Fig. 1.
Following neutron irradiation a large shift of irreversibility line to higher fields and
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Fig. 1. Irreversibility lines for the 60 K- and the 90 K-phase of polycrystall-
ine YBa;Cu3O7-s before and after fast ncutron irradiation with the fluence of
0.76 x 10'7 n/cm?.

temperatures in the 60 K-phase is observe&l, whereas this eflfect is very small in
the 90 K-phase. Comparison of the influence of irradiation on increase in j. and
position of the irreversibility line shows that the shift of the irreversibility line is
not correlated with the enhancement of the critical current. Most likely it means
that defects created by irradiation have the pinning potentials which are similar
to the potentials of defects existing initially in the case of the 90 K-phase, and
are greater than potentials of initial defects in the case of the 60 K-phase. The
different response of both phases to the same fluences means that the same defects
introduced into the 60 K-phase are not efficient pinning centers, whereas they are
efficient in the case of the 90 K-phase. This fact can indicate that the coherence
length, £, in the 60 K-phase is greater than in the 90 K-phase.

The transport properties are strongly affected by irradiation. In this pa-
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per main conclusions will be discussed only, more detailed studies can be found
in the previous papers [36, 60]. For YBaCuO and BiPbSrCaCuO ceramics the
following features are common. The normal state resistance, R,, systematically
increases after irradiation. For example, in the case of YBaCuO samples room
temperature resistivity increases from 2.1 € - cm (the nonirradiated sample) up
to 6.6 Q - cm for a sample irradiated with the fluence of 8.7 x 10'7 n/cm?. Si-
multaneously, temperature dependence of IR, is more flat after irradiation. The
ratio Rp(300 K)/R,(100 K) is equal to 2.5 for nonirradiated samples and equal to
1.5 after irradiation with 8.7 x 10'" n/cm?. Since the Josephson coupling energy,
Ej, is inversely proportional to the normal state resistivity, the increase in R, is
connected with the decrease in the critical temperature as determined from the
transport measurements. The zero resistance of a sample occurs when the Joseph-
son coupling energy is comparable or greater than the thermal energy. Thus, for
lower values of £}, the condition Fj > kT is fulfilled at lower temperatures.

The most important result of the transport measurements is the direct evi-
dence that the intergrain critical current decreases with increasing fluence as the
consequence of a damage of the weak links by irradiation. The field dependence
of j. shows a remarkable decrease even in low magnetic fields. For example, in
Fig. 2 for BiPbSrCaCuO samples a decrease in j. of about one order of magnitude
between zero field and 5 Oe at 77 K is shown.
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Fig. 2. The field dependence of the transport critical current of polycrystalline BiPb-
SrCaCuO at 77 K for a nonirradiated sample (circles) and for a sample irradiated with
the neutron fluence of 4 x 10'7 n/cm? (triangles).

‘ An attempt was made to check the influence of fast neutrons on structural

properties of YBasCuzO, ceramics irradiated with the fluence between 4.0 x 1016
and 8.7 x 107 n/cm? [61]. Investigations of the crystal structure by X-ray and
neutron powder diflraction show as an essential change a linear increase in the
lattice constants a, b and ¢ for small values of fluences and a decrease for higher
fluences. A nearly isotropic variation of all three lattice parameters was observed
for fluences below 1.2 x 1017 n/cm?. Any other changes of the microscopic crystal-
lographic parameters (occupancies and positional parameters) were noticed to be
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smaller than the statistical errors or the systematlc differences between the X-ray
and the neutron results.

As it was mentioned above, the irradiation causes opposite effects on the
intra- and intergrain propertics of II'T'SC ceramics. It seems that one could find
a range of neutron fluences where it is possible to enhance the intragrain critical
currents up to about one order of magnitude or more (in fields of about 10 kOe)
without significant drop of the critical temperature. On the other hand, radiation
damages the weak links, what is evidenced by a reduction of the transport critical
current and an increase in the normal state resistivity. Therefore from the point
of view of applications the only perspective materials are those in which critical
current is not limited by a ficld induced decoupling of the weak links.

It should to be mentioned that Ba;_,K;BiOg [54] compounds behave dif-
ferently from other II'TSC superconductors, since the intragrain critical currents
are not affected by irradiation up to the fluence of 1.4 x 103 n/cm?.

6.2. Mell-leztured malerials

A few papers concerning the effect of fast neutron irradiation of melt-textured
samples, have been published. Kiipfer et al. [62] have investigated YBaCuO sam-
ples prepared by Salama et al. [25]. They found that the intragrain jc increases
after irradiation with the fluence of 10'7 n/em? (E > 1 MeV) by a factor of 4
reaching value of 2.7 x 10* A/cm? when the magnetic field was perpendicular to
the a-b plane and 5.3 x 103 A/cm? for the field parallel to this plane at 77 K
and in 20 kOe. They have also studicd magnetization relaxation and the position
of the irreversibility line. The analysis of the relaxation data showed an increase
in activation energy by a factor of about 1.5 at low temperatures and a decrease
at high temperatures. Significant shilts of the reversibility lines for the magnetic
field perpendicular and parallel to a-b were noticed. Ifor et al. [63] investigated
YBaCuO samples, obtained with some modification of the technique proposed by
Salama et al. [25], irradiated up to the fluence of 6.0 x 107 n/cm?. They observed
an increase in the magnetic intragrain j. up to 2 x 10° A/ecm? at 77 K and in
10 kOe. They have also found that thermal annealing up to 600°C recover the
nonirradiated state.

We have investigated melt-textured samples prepared by powder melting
process (PMP) [27, 64). In this approach instead of YBasCuzO7-2 powders of
Y;BaCuOs and BaCuQO» are used as precursors. After a careful mixing of these
powders (homogeneous distribution of Y2BaCuOs particles turns out to be very
crucial for obtaining textured samples of high quality) they are heated to 1040°C
and then cooled down. The best samples obtained with this method exhibit je of
about 70000 A/cm? at 77 K and in 10 kOe and 35 000 A/cm? in 40 kOe (pulse
technique, pulse duration 5 ms, voltage criterion 10 #V/cm).

The observations of the microstructure of PMP samples were described by
Zhou Lian and co-workers [64-66]. The morphology on the fresh fracture surface
of the samples and microstructure were analyzed by SEM and TEM, respectively.
According to SEM and TEM results PMP samples contain laycred grains of 123
phase — parallel to each other, and particles of non-superconducting 211 phase.
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No microcracks have been found in investigated samples. The thickness of grains
is in the range of 0.1-3 ym. The layered grains have a perfect orientation and are
not totally separated by the grain boundaries. The wide areas not containing any
interfaces (a width of about 3 jum), where the twins pass through the boundaries,
join the two 123 grains together and eliminate the grain boundaries. Remaining
boundaries are very clean and low angle ones.

It is very important to know whether the weak links are really absent in the
melt-textured samples and whether they are introduced during irradiation. The
simplest way to check this is to find if the linear dependence between the width of
the hysteresis loop (magnetization irreversibility) and the sample size (linear sizes
of parallelepipeds in our case) is observed. This is a proof that the grains are not
only connected better than in the case of regular ceramic but also that the grains
cannot be disconnected by the magnetic ficld. In such samples one can believe that
the weak links are absent in this sense that they do not limit j. in the magnetic
field. Thus, the critical current determined from the magnetization measurements
corresponds to the current, which flows throughout the whole sample. Illowever,
one cannot make a priori assumption that the lack of the weak links before ir-
radiation assures their absence after irradiation. Following irradiation the regions
on the borders of grains could be degraded. Additionally, after the increase of the
intragrain current due to the created pinning centers inside the grains, regions
on the border of grains may not carry higher j.. Therefore, it should be checked
whether the weak links are absent in the irradiated samples.

Before irradiation the measurements of the magnetic critical current, jem,
and of the transport critical current, jo;, were carried out. There is a “technical”
problem connected with the direct transport measurements of neutron irradiated
samples. Because of high activation of silver during irradiation, silver contacts
should be removed before irradiation. Putting new contacts, which should be hot
pressed, leads to annealing of delects introduced during irradiation. Therefore, only
the magnetic measurements of irradiated samples were possible at the moment.
However, according to the arguments discussed below, we believe that it is possible
to enhance the critical current density for the current flowing throughout the whole
sample. We believe that it is possible to obtain values of the order of 105 A/cm?
at 77 K and in 10 kQe.

The values of je; determined by the pulse current method (pulse duration
9 ms, voltage criterion 10 uV/cm) were ranged for various samples between 3 x 103
and 7 x 10 A/em? at 77 K and in 10 kOe. For the best sample, je; at 77 K and in
40 kOe was 3.5 x 10 A/cm? The magnelic measurements were performed using
the vibrating sample magnetometer in the magnetic field up to 16 kOe. Samples
of two lengths were investigated: longer — of about 10 mm (which were measured
by the transport technique also), and shorter — of about 6 mm. Magnetic mea-
surements of longer samples could be done only with magnetic field perpendicular
to the longest sample size. In these measurements only the average critical cur-
rent in two planes containing the transport current direction, jemi and jeme, could
be estimated. The comparison with jo; gave reasonable agreement. For example,
at 77 K and in 10 kOQe, for the sample with jee = 2 x 10 A/cm? the values of
Jemt = 1.2 x 10* A/em? and jemz = 1.1 x 10* A/em? were obtained.
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Two shorter samples were used to perform the measurements in three dif-
ferent orientations of the sample with respect to the magnetic field. At the be-
ginning, the decrease in the magnetization irreversibility proportional to the re-
duction of the sample sizes was found for bulk PMP nonirradiated samples [67].
Next, we checked whether the weak links were not introduced during irradia-
tion, as is presented below. The parallelepiped sample with initial dimensions
53 x 1.6 x 0.9 mm3 was irradiated by fast neutrons with the fluence of
1.32 x 10' n/em? (E > 1 MeV). The measurements of hysteresis loop width
were done on the sample with initial dimensions and then after reduction to
4.0 x 1.2 x 0.6 mm3 and 1.6 x 1.0 x 0.3 mm3, respectively. For each size mea-
surements were performed with the magnetic field perpendicular to each sample
plane at 60, 77 and 85 K. For all three orientations of the magnetic field roughly
linear dependence of the hysteresis loop width on the sample size was found. The
results of the experiment indicate that the weak links are not introduced during
irradiation, and/or that the links existing between grains are not damaged due to
irradiation.

These results were confirmed by microwave absorption in low magnetic fields.
Although the mechanism of low-field microwave absorption (LFMA) is not clari-
fied yet, it is generally accepted that important contribution to LFMA arises from
the Josephson links with finite sizes, which are decoupled by magnetic fields (the
swept external magnetic ficld as well as the modulation field), microwave current
and thermal fluctuations [68, 69). LFMA signal was measured with a standard X-
band electron spin resonance spectrometer. The observed LFMA signal was not
resembling a typical one for polycrystalline superconductors. For ceramic samples
one should observe very large LFMA, observable down to the lowest liquid helium
temperatures. It means that the weak links remain really weak over whole tem-
perature range where the superconductivity exists. In contrary, in melt-textured
superconductors LFMA was obscrved only close to T;. LFMA signals in both
samples, irradiated and nonirradiated, are similar one to another supporting our
statement concerning insignificant number of the weak links in melt-textured su-
perconductors.

The critical current density j. was determined {rom the magnetization mea-
surements, basing on the modified anisotropic Bean model [6, 33]. Magnetic mea-
surements of a cylindrical sample with the length ! about one order of magnitude -
higher than the diameter d and with the c-axis perpendicular to the length of
the sample were performed. The applied magnetic field was perpendicular to the '
length of the cylinder. For the magnetic field I perpendicular to the a-b plane the
critical current density in the a-b plane j#*¢ was calculated using the following
formula:

'ab,c _ QOAN[ab 6

where AM,; is the width of the hysteresis loop for H perpendicular to the a-b
plane. The critical current density along c-axis was calculated using jb¢ and the
width of the hysteresis loop for the magnetic field parallel to the a-b plane. We
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have assumed j2%9% = j3%¢ and we have applied the formulae [6]
_ Jc,abl l ]c ,ab
AMe =250 (1= i (7)
valid for j3%t/j%eb > 1/d and
ab,ad sab,ab
g 'd d j¢
AM. = c20 (1 31 joab ) ®)

valid for ja%ab/j&b < I/d. The width of the hysteresis loop AM, for a field parallel
to the a-b plane is a function of both j3%¢® and j&et (principal axis components
of critical current density). So, if j¢%4? is known, the critical current density j$°
along c-axis is a solution of the quadratic equation (7) or the linear equation (8).
Equations (7) and (8) are not gencrally applicable because j3¢ < ;%98 However,
the maximal error seems to be less than 10% in our case, for estimation done with
the assumption of the infinite j%4 value.

The enhancement of the critical current density as a result of fast neutron
irradiation was observed for all investigated fluences. The highest value of the crit-
ical current density, j3%¢ = 9.4 x 10* A/cm?® at 77 K in 10 kOe, was obtained
for the sample irradiated with the fluence of 4.2 x 1017 n/cm? (before irradia-
tion j2b¢ = 2.8 x 10* A/cm?) and j&¢ = 5.0 x 103 A/cm? (before irradiation
7o = 2.2 x 10% A/cm?). The maximum enhancement of j; in the full range of
applied fluences was equal to about 4. The enhancement is significant, taking into
account a rather high value of critical current before irradiation.
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Fig. 3. Increase in the width of tle hysteresis loop of the melt-textured YBaCuO as
a result of fast neutron irradiation, measured at 77 K in 10 kQe for the magnetic field
perpendicular (circles) and parallel (squares) to the a-b plane.
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In the investigated range of temperatures, the enhancement of the critical
current was more pronounced for I perpendicular to the a-b plane in the whole
range of applied fluences. The increase in the width of the hysteresis loop mea-
sured at 77 K in 10 kOe is shown in Fig. 3 for both orientations of the field and
for all applied fluences. We found that in the investigated range of temperatures
(T > 60 K) in the magnetic field of 10 kOe anisotropy of critical current density
increased after irradiation. This effect is in agreement with the results of Kiipfer
et al. [62]. owever, it should be emphasized that at low temperatures, the oppo-
site tendency was found in neutron irradiated YBCO single crystals. Sauerzopf et
al. [70] found a pronounced decrease in anisotropy of je at 5 K after irradiation.
Apparently, these differences can be connected with the size of defects, which are
effective pinning centers in low temperatures for two principal axis components of
the critical current. At higher temperatures these defects can be still eflective in
the a-b plane but not for the current flowing along c-axis. The anisotropy of crit-
ical currents is influenced by an interaction of the material properties anisotropy
and the different pinning structures. Regarding this, a comparison between single
crystals and melt-textured materials may lead to erronecous interpretations. The
investigations of the influence of irradiation on activation energy are necessary for
a full understanding of the temperature dependence of the anisotropy of critical
current. Such studies are currently being done.
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Fig. 4. TField dependence of the width of the hysteresis loop at 77 K for the mag-
netic field perpendicular and parallel to the a-b plane for the melt-textured YBaCuO
nonirradiated and irradiated with the fluence of 1.18 x 10'” n/cm? (open circles — a
nonirradiated sample, H perpendicular to the a-b plane; open squares — a nonirradiated
sample, H parallel to the a-b plane; {ull circles — an irradiated sample, H perpendicular
to the a-b plane; full squares — an irradiated sample, II parallel to the a-b plane).
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Fig. 5. Temperature dependence of the width of the hysteresis loop in 10 kOe
for the melt-textured YBaCuO nonirradiated and irradiated with the fluence of
1.18 x 107 n/cm? (open circles — a nonirradiated sample, II perpendicular to the
a-b plane; open squares — a nonirradiated sample, M parallel to the a-b plane; full
circles — an irradiated sample, I perpendicular to the a-b plane; full squares — an
irradiated sample, H parallel to the a-b plane).

The field dependence of critical current density after irradiation was im-
proved only insignificantly or not improved at all, especially in higher fields (Fig. 4).
It is in agreement with the results of Kiipfer et al. [62]. The temperature depen-
dence of j. is not significantly allected by irradiation (Fig. 5). In single crystals,
the increase in critical current was much more pronounced at higher tempera-
tures [70]. Our experimental results can be explained by the existence of effective
pinning centers in nonirradiated material, with as deep potentials as those of the
radiation-induced defects. Such a conclusion could be confirmed by the study of
the irreversibility line in nonirradiated and fast neutron irradiated samples.

More details concerning experiments discussed above are presented in the
papers of Puzniak et al. [71, 72].

7. Conclusions

A deep knowledge of the role of defects in diflerent types and forms of HTSC
materials is one of the main targets to be pursued in II'TSC research. Basic un-
derstanding of the physics concerning the competition between order and disorder
in these materials as well as the devclopment of IITSC applications depend on
our understanding the processes, which limit critical currents. Therefore, the in-
troduction of defects into II'TSC materials, by a controlled manner of irradiation,
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is an important tool to study and to develop possibilities of obtaining critical cur-
rents densities of the order of 10° A/cm? at 77 K. The study of the influence of
neutron, proton, and heavy ion irradiation on magnetic, transport and structural
properties of IITSC compounds should give an answer to the question to what
extent the critical current density can be enhanced in IITSC. On the other hand,
an attempt should be made to develop a consistent picture of the mechanism re-
sponsible for the observed phenomena. From the point of view of applications, the
most promising are those materials, where j. is not limited by the weak links,
i.e. high quality epitaxial thin films and melt-textured materials. As pointed out
above, protons, neutrons and heavy ions produce defects of different kinds, which
should have a different influence on the properties of the investigated compounds.
The effect of irradiation is strongly dependent on the applied dose, on account of
the concentration of the introduced defects. One can assume that for a particular
type of material a kind of optimal radiation and an optimal range of doses could
be found. It should be emphasized that irradiation with high doses leads to a sig-
nificant drop in T¢. For this reason, the applied doses should enable one to make a
significant increase in j. with only a moderate decrease in the critical temperature.
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