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The investigation of mechanisms responsible for the current-carrying capability of irradiated high-temperature
superconductors (HTSC) was realized. For the purpose, experiments were made to investigate the effect of point
defects generated by high-energy electron irradiation on the critical temperature and the critical current in high-Tc
superconducting single crystals YBa,Cu;0;,. The transport current density measured in HTSC single crystals
YBa,Cu;07 by the dc-method was found to exceed 80000 A/em?. The experiments have demonstrated a more than
30-fold increase in the critical current density in single crystals irradiated with 2.5 MeV electrons to a dose of
3-10"® el/cm’. Detailed studies were made into the anisotropy of critical current and the dependence of critical
current on the external magnetic field strength in irradiated single crystals. A high efficiency of point defects as
centers of magnetic vortex pinning in HTSC single crystals was first demonstrated.

1. INTRODUCTION

As it follows from new expert conclusions, the use
of superconducting materials in the 21st century will
take on economic expediency and wide scale [1].
Undoubtedly, among different types of superconducting
compounds, the use of which is gaining an intense
progress, the high-temperature superconductors (HTSC)
with a superconductor critical temperature of 90 to
100 K occupy a peculiar place owing to a possibility of
using them at liquid nitrogen temperatures. Traditional
low-temperature intermetallic superconductors require
cooling down to liquid helium temperatures, and this
significantly increases the expenses with their use.

Along with the superconductor critical temperature,
a high critical current density is also one of the most
important parameters that determine the degree of
efficiency in the use of superconductors. As it is known,
the transport critical current in HTSC single crystals and
in single-domain quasi-monocrystalline samples is
determined by special features of their structural
defects. The main types of defects in single crystals are
twin boundaries, dislocations, vacancies and impurity
atoms. In polydomain crystal samples based on the 123-
phase and in textured strips based on bismuth ceramics
(2212-phase), the transport critical current is determined
by weak intergranular bonds, i.e., by the state of
boundaries (angle of grain disorientation, amount of
oxygen, presence of impurities, etc.). In most cases, for
the practical use of high-T, superconductors it is their
transport critical current that is of importance. However,
it is also of importance to pay attention to the cases,
where the quality of superconducting materials is
determined by the intragranular critical current value,
e.g., in the use of superconducting materials for the
rotors of hysteretic HTSC motors [2]. In view of this,
the results of studies on single crystals become of
practical importance.

Many previous investigations, e.g., refs. [3-9], have
demonstrated an efficiency of irradiation with fast
neutrons and high-energy ions as a means of increasing
the critical current in HTSC single crystals.

The aim of the present work has been to investigate
the anisotropy and magnetic-field dependences of
critical current in single crystals irradiated by high-
energy electrons, i.e., to elucidate the special features of
critical current versus the irradiation dose, the crystal
orientation relative to the current vectors, versus the
strength and value of the external magnetic field. These
data are of crucial importance for the practical use of
HTSC materials in real setups, devices or mechanisms,
and can serve as a basis for the development of
ecologically clean radiation technology to improve the
current characteristics in high-T. superconductors,
including bulk polycrystalline materials.

By the present time it is well known that the
irradiation by high-energy charged particles and
neutrons to moderate doses, which are equivalent to a
radiation defect concentration of 10 to 10~ dpa, results
in an increase of critical current in HTSC materials..

The effect of critical current rise has been attributed
to the presence of additional magnetic-vortex pinning
centers, the role of which belongs to radiation defects. It
was considered in this case that it was the radiation
damages with a large radius of action, such as defect
clusters, tracks, etc., that were most efficient pinning
centers, while point defects and their small clusters were
not effective in the process. At the same time, it was
neglected that one of the fundamental parameters of
HTSC, namely, the coherence length, is small as
compared to low-T. superconductors and is &~ 10 A.
This may evidently determine the sensitivity of
superconductivity parameters, such as critical current,
when introducing small-radius defects, e.g., point
defects, into the superconductor lattice. These defects
can obviously be produced by irradiating
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superconductors with ~0.5to 10 MeV electrons. It
should be also noted that the overwhelming majority of
investigations on HTSC single crystals was performed
for irradiation with neutrons and ions using the indirect
method of critical current measurements, namely,
magnetic susceptibility measurements. In this case,
depending on the theoretical model chosen for critical
current calculations, the J. value could vary by factors
of 10 to 100. Besides, the majority of irradiation
experiments were performed at room temperature or at
elevated temperatures, and this did not exclude the
possibility of uncontrolled annealing of a part of
radiation defects and complicated the interpretation of
the resulting irradiation effects.

This paper is concerned with investigations into the
influence of point defects on the critical current and the
process of magnetic vortex pinning in high-quality
YBa,Cu;07 single crystals, using a low-temperature
(~ 10 K) irradiation by high-energy (2.5 MeV) electrons
and the direct method of critical current measurements
(from current-voltage characteristics).

2. EXPERIMENTAL TECHNIQUES

2.1. SAMPLES AND MEASURING TECHNIQUE

High-quality YBa,Cu;O,, single crystals were
prepared by the solution-melt method at temperature
gradient conditions. The method of single crystal
preparation has been described in detail in ref. [10]. The
single crystals that had T,=93 K, AT,=0.3K and a
resistivity of ~6-10° Q-cm at T =100 K were used to
prepare samples for low-temperature electron irradiation
and resistance measurements. The T, value of single
crystals was determined from temperature dependences
of the resistivity in magnetic fields of intensity upto 5 T
for different crystal orientations. The critical current
density was determined from current-voltage
characteristics (CVC). The measurements were
performed before the irradiation and after each exposure
to electrons. The samples for experiments were prepared
in such a way that the current was always flowing in the
crystallographic plane (ab) of the single crystal at an
angle of 45  with respect to twin boundaries. The
goniometric device provided the crystal orientation at
any angle within the range from - 5 to 95 relative to the
external magnetic field vector (for measurement
procedures), and with the (ab) plane perpendicular to
the electron beam (for irradiation). The transport critical
current was found from the CVC for the electric field

strengths £ =107 V/em (the current J,, which
characterizes pinning inside creep regime) or
E=4-10" Viem (the current J_, which

characterizes pinning close to the depinning regime).
The typical CVC for the initial and irradiated single
crystal are presented in Fig. 1.

The measurements were carried out by the dc four-
probe method using the precision digital voltmeters
Schlumberger 7081 with a sensitivity of 10%V. A
highly accurate electronic control system provided the
regulation of sample temperature to an accuracy of
0.005 K. The software for the automated measuring
system was performed in the VISUALC"
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programming environment. The experiment control
program provides the measurements in both
semiautomated- and automated regimes, control and
registration of the parameters throughout the run
permits the on-line representation of the data in the form
of numerical tables and plots.
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Fig. 1. Current-voltage characteristics of the single
crystal irradiated with 2.5 MeV electrons at T = 10 K.
The measurements were for T = 85 K, magnetic field
H = 4T, the (ab) crystal plane being parallel to the
external magnetic field vector (o = ZH,ab=0)

2.2. RADIATION TECHNIQUE AT THE
ELECTRON ACCELERATOR

HTSC single crystals were irradiated by 2.5 MeV
electrons from the electrostatic electron accelerator, the
density current being ~ 10 pA/cm®. For irradiation at
low temperatures and for precision measurements of
electrophysical parameters of single crystals, a specially
designed helium cryostat was used. It provided
irradiation of crystals at a temperature not higher than
10 K, in situ measurements of temperature dependences
of  electrical  resistivity and  current-voltage
characteristics in the temperature range from
10 to 400 K in magnetic fields with intensity up to 6 T.
The electronic control system provided the temperature
regulation in the measurements to an accuracy of
0.005 K. A special goniometric device provided the
crystal alignment relative to both the electron beam (in
irradiation) and the external magnetic field generated by
the superconducting solenoid (in measurements).

3. RESULTS AND DISCUSSION

3.1. TEMPERATURE DEPENDENCES OF
ELECTRICAL RESISTIVITY IN SINGLE
CRYSTALS

The temperature dependences of electrical resistivity
in the vicinity of superconductor critical temperatures
are the vital characteristics responsible for the quality
and physical state of the superconducting material.
These dependences are of particular importance in
deciding on the temperature range in the critical current
measurements and in the interpretation of the results
from these measurements.

Fig. 2 shows typical temperature dependences of the
resistivity of YBa,Cu;0-. single crystal before and after



irradiation with 2.5 MeV electrons at 10 K. The pre-
irradiation measurements were performed in the absence
of the magnetic field (H = 0). For the irradiated sample,
the measurements were carried out for both H=0 and
for three typical orientations of the crystal plane (ab)
relative to the magnetic field vector (o= 0, 14, 90°) for
H=15kOe.
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Fig. 2. Temperature dependences of resistivity of
YBa,Cu;0;., single crystal irradiated by 2.5 MeV
electrons to a dose of 3-10" el/cm’. The irradiation

temperature is 10 K. The measurements are for H = 0
and H = 1.5 T for different crystal orientations

From the temperature curve of electrical resistivity
of non-irradiated crystal the superconductor critical
temperature and width were determined to be 7. =93 K
and AT, = 0.3 K. The resistivity at 100 K was found to
be about 6-10° Q-cm. These data characterize the
sample as a high-quality one-phase superconducting
single crystal, optimized in the composition.

For the irradiated crystal in the absence of the
external magnetic field, the superconductor critical
temperature is 1.3 K lower and the normal-state
resistivity increases. In this case, the width of the
superconducting transition does not change essentially,
this being typical of HTSC at a moderate increase in the
point defect concentration (up to ~ 10 dpa) [11, 12].
The external magnetic field dramatically changes the
character of temperature curves, making them
substantially broader, and the degree of broadening
being much dependent on the field strength value and
field orientation relative to the crystal. Thus for
H=1.5T, the superconducting transition of the
irradiated sample is extended to ~ 1.5 K. ~3 and ~5 K
for the crystal orientations o=0, 14 and 90’,
respectively. The temperature, at which the resistivity of
the sample fully disappears, i.e., the melting
temperature of superconductor vortex lattice is lowered
down to 90.6, 89.2 and 87K, respectively. Our
measurements at different magnetic field strengths up to
50 kOe confirm the above-mentioned peculiarities of
temperature dependences of HTSC single-crystal
resistivities. So, the decrease in the melting temperature
of the vortex lattice is more dependent on the external
magnetic field strength value and on the field
orientation relative to crystallographic directions of the
crystal than on the concentration of radiation-generated

point defects. These results will be used in the
interpretation of angular dependences (anisotropy) of
critical current for electron-irradiated single crystals.

3.2. MAGNETIC-FIELD DEPENDENCES OF
CRITICAL CURRENT AND THE DYNAMICS OF
VORTEX LATTICE IN IRRADIATED SINGLE
CRYSTALS

One of the most striking effects of electron
irradiation is a sharp change in the behavior of critical
current curves as functions of the external magnetic
field (Fig. 3). The nonmonotonic function J.(H), i.e.,

the so-called “fish-tail” effect dramatically changes as
early as after an irradiation dose of 1-10'® el/cm®. In this
case, a sharply defined maximum appears at
H=30kOe. With an increasing irradiation dose the
maximum shifts towards lower magnetic fields and its
amplitude grows.
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Fig. 3. Magnetic field dependence of critical current
J 1 (light symbols) and J ., (dark symbols) in the
YBa,Cu;0;., single crystal before (squares) and after
irradiation with doses 10'* (circles), 2-10"* (triangles)
and 3-10"® (diamonds). The measurements were
performed for T =85 K and a = 14°

It is believed that the position of the minimum on
the J.(H) curves corresponds to the field H,, that
separates a low-field ordered and a high-field disordered
state of the vortex lattice (VL). The nature of transition
was discussed [13,14] in terms of the Lindemann
criterion. By analogy with the transition from the liquid
to the crystalline state, it was assumed that an order-
disorder (OD) transition occurs in the crystalline VL if
the transverse displacements u of the vortex lines

exceed c;a,, where c; 1is the Lindemann number,

ap ~ /@, /B is the intervortex distance, and @ is a

quantum of magnetic flux. In terms of the cage potential
model [13,14] which takes into account the interaction
of the vortex line under consideration with a periodic
potential created by the surrounding vortices, it was
shown that the transverse displacement u=c;aq,

increases the elastic energy of the VL by an amount
E, =cj&yay. (1)
Here ¢ is the anisotropy parameter, &, = (®,/ 47Z/1)2,

and A is the penetration depth of the magnetic field.
Therefore an OD translation occurs if the energy E,; is

compensated by the pinning energy E,. When there is
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pinning at the point defects, the pinning energy [13]

E,cH 01 decreases  with increasing field

substantially more slowly than the energy E, oc H 03,
Consequently, in weak fields, the energy E, exceeds

the pinning energy, and the ordered state of the VL
occurs, but in strong fields the pinning energy

compensates the energy E;, and the disordered state of

the VL occurs. Therefore field H,, is determined by
the equal-energy condition £, = E,; .

These theoretical predictions were confirmed by
experimental  studies of the high-temperature
superconductors. Structural studies of the VLs in
BiCaSrCuO crystals [15] and YBa,Cu,O,- crystals [16]
showed that the low-field ordered state of the VL
changes to the disordered state as H increases. A
comparison of the field dependence of the pinning force
in BiCaSrCuO crystals [17] and YBaCuO crystals [16]
and of the structural changes of the VLs in these
crystals, showed that the low-field ordered state of the
VLs corresponds to a decrease of the force Fp as H
increases, whereas, when the disordered state occurs in
large fields, the force Fp increases with magnetic field.

It is assumed that the pinning force of the ordered
VL decreases with increasing field because of the
increase of the intervortex interaction, and this degrades
the adaptation of the vortices to the landscape of the
pinning centers. When the state becomes disordered, a
definite role is apparently played by VL dislocations.
First, the screw components of the dislocations initiate
entanglement of the vortex lines and consequently
produce dimensional crossover of the pinning force
[13,18], i.e. a transition from 1D pinning of the ordered
VL to 3D pinning of the disordered VL. Second,
dislocations of the VL produce additional degrees of
freedom for the transverse deformations of the vortex
lines, and this improves the adaptation of the VL to the
landscape of the pinning centers [19].

As can be seen in Fig. 3, as concentration 7 ,,

increases, the H, field decreases, and this agrees with

the results of the earlier experimental studies [9]. Such
behavior conforms to expectations, taking into account
that the pinning energy increases with the defect

[20] 1/3

Ve, while

concentration E,xn the energy
E, :cigoao remains unchanged. The larger pinning
energy can compensate the larger gain in elastic energy
of the VL; therefore, the OD transition shifts into the
region of smaller fields as the point-defect concentration
increases.

The phase states of the static and dynamic VLs
differ from each other. It was proposed in the pioneering
work of Koshelev and Vinokur [21] that, as the velocity
v of the vortices increases above some critical value

U., a dynamic phase transition occurs from the

disordered state of the VL to the state of a vortex
crystal. It was later shown [22] that increasing the
velocity v suppresses the pinning effect only in the
longitudinal direction (with respect to vector v ), while
the pinning barriers remain finite in the transverse
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direction. This results in the formation of static
longitudinal channels of motion of the vortices, which
have been experimentally observed in NbSe, crystals
[23] and in papers on the modelling of moving VLs
[24]. Experimental studies of how the dynamic ordering
of the VL affects the field dependence of the pinning
force were carried out on crystals of NbSe, [25], V3Si
[26], and YBa,Cu30;-5 [27]. It was shown that the
F,(H) dependences measured at low and high velocities
v differ from each other. In particular, in YBa,Cu;07_5
crystals measured for magnetic field parallel to the ¢
axis [27] and in inclined magnetic fields [28], the
minimum on the dependence shifts into the higher-field
region with increasing velocity o, and this is
interpreted as the partial dynamic ordering of the VL.
Therefore we believe that difference in the peak position
on the J, (H) and J,,(H) curves, which is observed
in Fig.3, is caused by partial dynamic ordering.

At low magnetic fields (H < H,p ), the current
dependence of the activation energy U(J) is in good

agreement with the theory of collective pinning [20],
while at high magnetic fields (H > H ) the U(J)
dependence is consistent with the plastic creep theory,
which is based on the concept of thermally-activated
motion of vortex lattice dislocations [29]. This is

demonstrated in Fig.4, which shows E(J)
dependences plotted in the log £ —logJ scale.
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Fig. 4. Current-voltage characteristics measured after
irradiation with a dose of 10"

In low fields, H <10kOe, the E(J) curve exhibits
negative curvature, while in high fields, A >10kOe,
the E(J) curves exhibit positive curvature. This means
that thermal creep is described by equation

E) e expl-(Uo ks TN 1) ],
where the exponent g is positive in low fields, as it is

predicted by the theory of collective pinning for the
elastic creep, but the exponent x is negative in high

fields, as it is predicted for the plastic creep mediated by
motion of the vortex lattice dislocations [29]. Note, that
in magnetic field 10 kOe the E(J) dependence has the
positive curvature at small currents, while at high

current it has negative curvature. This peculiarity is
strong evidence of the dynamic ordering: slow moving



disordered VL transforms into fast moving partially
ordered VL.

The effects of irradiation on the pinning
characteristics have been described in detail for
measurements performed in magnetic field H||c[30].

These results have enabled to trace the transition from
the mechanism of elastic creep to the mechanism of
plastic creep with an increase in the magnetic field
strength and the point defect concentration, as it is
observed in our measurements. It has been shown that
depinning current J, rises with an increase in the point

defect concentration. The elastic-creep activation energy
quickly rises, while the plastic-creep activation energy
decreases with a growing concentration of point defects.
These peculiarities allow to explain evolution of the
J.(H) dependence with irradiation dose in our

measurements. At low fields the elastic-creep occurs,
and increase in the n,, enlarge both the depinning

current and activation energy leading to increase of the
measured current J.(H). At high fields the plastic-

creep occurs, and increase in the n,, enlarge the

depinning current, but decreases activation energy [30].
Therefore the measured current J,.(H) is determined

by competition between increase in the J,; and decrease
in the U. Below the peak position in the J.(H) curve
increase in the J,; dominates over decrease in the U and
therefore the measured current J,.(/) increases with

the irradiation dose. However below the peak position
in the J,.(H) curve decrease in the U dominates over

increase in the J;, and therefore the measured current

J.(H) decreases with increased irradiation dose

3.3. THE ELECTRON IRRADIATION EFFECT
ON CRITICAL CURRENT ANISOTROPY IN
YBACUO SINGLE CRYSTALS

As it is known, owing to the laminated crystalline
structure, the HTSC YBa,Cu;0 single crystals show a
substantial anisotropy of their properties, i.e., the
difference between the parameters measured for
different crystallographic directions of the crystal (e.g.,
electrical resistivity, critical current, etc.). The
investigation of this phenomenon is of great importance
for both the elucidation of mechanisms of high-T,
superconductivity and the practical use of HTSC
materials in real devices and mechanisms One of the
main challenges of this paper has been the investigation
into the influence of electron irradiation on the critical
current in HTSC single crystals, with the attention
centered on the anisotropy of this parameter.

As indicated above in Section 2, to perform the
studies, a special goniometric device was used. It
provided the crystal orientation with respect to the
electron beam during irradiation experiments, and
relative to the external magnetic field during in situ
measurements of current-voltage characteristics or
electrical resistivity.

Fig. 5 shows the critical current of the single crystal
as a function of crystal orientation relative to the 15 kOe

external magnetic field vector. Curve 1 is for the initial
sample, curves 2, and 3 are given for the sample

irradiated to doses 10'® and 3-10" el/em’.
Jcl (06)
nonirradiated crystal. Curve 1 shows three maxima (one
for =0, second for @~ 50", and third for a~ 85,
and three minima (one for o~ 14°, second for a~ 71,
and third for @=90"). The irradiation brings about
cardinal changes in the critical current as a function of
crystal orientation. A sharp rise in J, is observed at the
angle of 14°, for which the minimal critical current
value of initial sample was measured. For the highest

Let us consider the curve for the

irradiation dose (3-10" el/em?) the increase of critical
current value is above 30 times. For crystal orientations
between 50 and 85, the introduction of point defects
leads to an appreciable decrease in the critical current as
compared to the nonirradiated sample. This effect
increases with irradiation dose. For the angles close to
90’, i.e., for magnetic field vector oriented parallel to the
¢ axis, a rise in the critical current is observed at the
minimum dose 10'® el/cm?, but further irradiation to

18 . o
3-10°° el/cm’ causes a decrease in the critical current.
Below we discuss possible reasons of these changes.
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Fig. 5. Critical current J | (panel a) and J, (panel b)
of the YBa,Cu;0y., single crystal versus angle
a = ZH,ab . Measurements were done at T = 85 K and
H = 15 kOe before (curve 1) and after irradiation with
doses 10" (curve 2), and 3-10" (curve 3). The inset
shows configuration of vortex line at small angles o

In anisotropic superconductors vortex structure
depends on the anisotropy parameter ¢ and angle . A
rectilinear vortex structure obtains in magnetic fields
Hj|ab and for angles « > o =~ atan(d/&). However, for
angles o < o = atan(d/£) the rectilinear vortices
transform into zigzag filaments, which finally form at
angles o < o, =~ atane. The zigzag structure consists of
vortex strings, oriented along the ab plane, which are
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connected by “pancake” vortices, i.e. vortex fragments
piercing the ab plane, as it is shown in the inset of
Fig. 5.

Let us first discuss evolution of the J, (&) curve

with irradiation dose at angles o < 15° where the zigzag
structure is formed. The pinning of “pancake” vortices
is determined by their interaction with structural defects.
The nature of the pinning of “strings” depends on the
orientation of the Lorentz force Fz=jxB. When the force
FL is oriented along the ab plane, the pinning is
determined by the interaction with structural defects.
However, when the Lorentz force is oriented along the ¢
axis, the pinning force is finite even in the absence of
any structural defects because of the presence of
intrinsic pinning barriers due to the modulation of the
superconducting order parameter along the ¢ axis [31].
For our measurement geometry the Lorentz force acts
on the strings along the ¢ axis, and the “pancake”
vortices, which carry the magnetic field component
along this axis, can move along the ab plane
independently of the strings. It is believed that pinning
of “strings” is stronger compared to pinning of the
“pancake” vortices due to strong intrinsic pinning
barriers [20]. Therefore decrease of the current with
increased angle «, which is realized in the nonirradiated
sample, can be explained by decrease of pinning of the
“pancake” vortices predicted by theoretical studies,
J, < 1/a [20].

Irradiation with a dose 10" el/cm® cases
nonmonotonous angular variation of the pinning force
for angles o < 15°. As can be seen in Fig. 5, the pinning
force first decreases and then increases with increasing
a. This nonmonotonic angle dependence of the pinning
force is caused by transition from an ordered state of the
VL at small angles « to a disordered state of the VL at
larger angles ¢, i.e. minimum position «,;, on the
J.(a) curve separates the ordered VL (formed at
angles a < a,;,) and the ordered VL (formed at angles
a > a0 ). Theoretical background of the OD transition
induced by increase of angle « is given in Ref. [32]. The
angular dependence of elastic energy required for the
formation of displacements wu=c;a, has been
calculated in terms of the cage potential model [13,14].
It has been shown that with the displacement orientation
u along the ab-plane the energy E!_,', = ciegoao is
independent of the angle a. With the displacement
orientation from the ab-plane, i.e., along the vector
direction Bx(Bxc), the energy
EL =cleaye, / &, decreases with an increasing angle a.
At chaotic distribution of pinning centers, the
displacements uw comprise both parallel and
perpendicular components. Therefore, the elastic energy
will decrease with an increase in « due to the decreasing
elastic energy required for the formation of the
perpendicular component of transverse displacements.
In the presence of point defects the pinning energy is
independent of «. Therefore, at small angles «, the
elastic energy may exceed the pinning energy value and
the ordered state of the VL will be formed, whereas at
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large angles o the opposite relationship, £,, < E,, may

be fulfilled and then the disordered state of the VL will
be formed. In this case, at a certain «,, value the OD
transition will be realized, and the angle «,p value will
be specified by the equality
E (app)=E,(app)-

As it was mentioned above (section 3.2), in the OD
transition the pinning force increases, this being due to
the dimensional crossover (transition from 1D pinning
of the ordered VL to 3D pinning of the disordered VL)
and better adaptation of disordered VL to the landscape
of pinning centers. So, it is reasonable to suggest that
the position of minimum in the Jz (H) curve should

energy

correspond to the angle a,p. This suggestion is
supported by the decrease in the angle o, as the
concentration 7,, increases. In fact, the n,, increase
. . .. 1/3 .
leads to a rise in the pinning energy, E, « n,; , which
may compensate a great loss of elastic energy, and thus,
to the realization of OD transition at lower « values.
Irradiation to a dose 310" el/em’ causes monotonous
increase in the critical current with increasing angle (for
angles « < 20°), that indicates formation of disordered

state of the VL at all angles o.
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Fig. 6. Functions E(J) and p;(J) measured at

transport current increase and decrease (light and dark
symbols, respectively)

Comparison of the J_,(a) and J_(a) curves

shows that their behavior at small angles a is
qualitatively identical. However position of minimum
on the J,(a) curve is shifted to higher angles

compared to position of minimum on the J, (&) curve.

This difference is analogous to the difference between
the J, (H) and J,,(H) curves, and can be explained

by partial dynamic ordering of disordered VL. The
theory predicts that the dynamic ordering of VL
corresponds to the S-shaped E(J) dependence and the
presence of hysteresis in the E(J) curves measured with
increasing and decreasing current. It can be seen in Fig.
6 that with realization of the ordered VL state (at



a=1°<ayp =1.5°) the electric field and dynamic
resistance p, =dE(J)/dJ gradually increase with

current, and the hysteresis is absent. In case of the
disordered VL state realization (at o =1°<a,p) the

E(J) dependence take on the S shape, which is

consistent with a nonmonotonic current dependence of
the resistance p,. Besides, the functions E(J)

measured with increasing and decreasing current show
the hysteresis. Earlier, these regularities were
experimentally observed at realization of the OD
transition, which was caused by the magnetic field
increase [27]. Within the framework of the “shaking
temperature” model, the reason for E(J) hysteresis is

the “overheated” state of the ordered dynamic VL [21].
Therefore the OD transition occurring with a decreasing
current is realized at a lower current value than in the
case of the DO transition occurring with an increasing
current.

Partial ordering of the dynamic VL reduces the
pinning force that results in the displacement of the
position of minimum in the angle dependence of
pinning force towards higher angles . This
displacement is analogous to displacement of the
minimum position to higher fields on the J(H) curve,
compared to minimum position on the J,(H) curve, that
is observed in Fig.3.

We now discuss the results obtained at angles
a >15°. Note that in the nonirradiated crystal with the
field orientation H|| ¢ (x=90°) the single vortex
pinning regime has been observed [30]. At this regime,
the depinning current J, and the creep activation

energy U, are independent of the magnetic field value
[20], i.e., the rate of vortex motion v(J)= E(J)/cB is

also independent of the field, and the elastic creep takes
place. All these features indicate formation of the
ordered state of VL. The introduction of point defects
and the magnetic field rotation from the TBs plane
involve transition to the plastic creep regime mediated
by the VL dislocations motion, and the non-monotonous
field variation of the pinning force. The transition from
the single vortex pinning regime to the plastic
mechanism of creep has been explained by OD
transition [30]. As the defect concentration increases,
the OD transition is realized owing to the increase in the

pinning energy, E, oanj [20], that is likely to be

higher in the irradiated sample than the elastic energy
(1) necessary for the formation of transverse
displacements u =c;a,. The OD transition in the non-
irradiated sample, occurring as the field is rotated from
the ¢ axis (and hence, from the TB plane), arises due to
the vortex line deformation in the vicinity of the TB.
The amplitude of these displacements in absence of
chaotic pinning centers equals [33]

Upy = (5(10/2\/;)1 /In(a,/&)sin(0, - 0) = @
= 0.1a,sin(6, - 0).
Here @ is angle between H-vector and TBs plane, the

angles 6 and a are related as \/EsinH:coiﬁ/ 2-a), and a

critical angle . defines region of angles 8 < &, where
deformation of vortex lines near the TBs takes place. In
the absence of the chaotic pinning potential the
displacements (2) are less than c¢;a, for the Lindemann

number c; = 0.14 [34]. In the presence of point defects

(e.g., oxygen vacancies), the total amplitude of
transverse deformations near the TB is given by the
expression [33]

g pa (0) = \fuzg (0) +17y (6) , 3)

where the wu,, component stems from the interaction

with point defects. Apparently, in the nonirradiated
crystal the u,, component is less than the ¢;a, value,

but the amplitude (3) meets the Lindemann criterion,
uzcpa,, and this just brings to the disordered VL
formation in the fields inclined to the TB.

Considering these arguments, increase of the current
J., observed in nonirradiated sample at the rotation of
magnetic field off the TBs plane down to angle
a ~85°, can be explained by OD transition that
improve adaptation of vortices to the pinning landscape.
Further decrease of angle & down to 50° leads to non
monotonous variation of the current J_, while the
current J_, continue increase, see Fig. 5. The same
Ja(@) and J,(«)
dependences is observed in the angle range
40° < ¢ < 90° after irradiation with dose 10' 1/cm?,

while after irradiation with dose 3-10"® el/em? both the
J () and J_,(a) dependences are nonmonotonous

difference  between the

in the angle range 30° < & <90°. These peculiarities
can be understood considering non-monotonous angular
variation of the depinning current J, and activation

energy U, correspondent to the plastic creep, which

are shown in Fig. 7. Methodology of determination of
the depinning current and activation energy from
measured E(J) dependences is described in Refs. [33].
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Fig. 7. Angular variation of the depinning current (light
sybbols) and activation energy (dark symbols) before
irradiation (squares), and after irradiation with doses

10" (circles) and 310" (diamonds) [33]

Detailed analysis of non-monotonous J,(«) and
U ,/(a) dependences has been done in Ref. [33]. Hear

we notice that J, () dependence is primarily
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controlled by non-monotonous variation of the
correlation length L, i.e., longitudinal length of vortex

line at which displacements u =c;a, are independently
formed. The U, («) dependence is given by equation
[33]

Up(@) = Uy fnp)-[lus o @) or . @

. _\/~ 2 2 2 .
where Uy ~4egqay, €, =Nsin“ a+&” cos” a is the

anisotropy parameter dependent on « , and f(np) is

function dependent on concentration of the VL
dislocations np. This function is controlled by the
correlation length L,, and it approaches unity in a
strongly disordered VL and f'(n,) — o for the ordered
VL.

As one can see, the depinning current and plastic-
creep activation energy change in opposite way upon
variation of both the angle o and the defects
concentration. Increase of the defects concentration
results in decrease of the activation energy, but in
increase of the depinning current. Also, increasing and
decreasing branches of the U, (a) dependence

respectively correspond to decreasing and increasing
branches of the J,(a) dependence. Current-voltage

characteristics inside the plastic creep regime are
described by equation [29,33]

E() = pyJexpl- (U, /kTXl ~J717,) (5)
and therefore variation of measured currents J, and

J.,, which characterize pinning at voltage criteria

E =const, is determined by competition between
variation of the activation energy and the depinning
current.

Comparison of data presented in Fig. 5 and Fig. 7
shows that variation of measured current J,, which
characterizes pinning force deep inside creep regime, is
primarily controlled by variation of the plastic-creep
activation energy. However variation of the current
J .5, which characterizes pinning force at higher value
of the voltage criteria, depends on particular variation of
both the depinning current and activation energy.

3.4. EVOLUTION OF CRITICAL CURRENT
ANISOTROPY WITH TEMPERATURE

To clarify the special features in the influence of the
temperature on critical current anisotropy, we have
measured the J ., (o) dependence in the magnetic field
H=15k0e for T=81K. The measurements were

performed before and after irradiation to a dose of
310" el/em®. Result of measurements is presented in

Fig. 4. This figure also shows the J., (o) dependence

measured in the magnetic field H=15kOe for
T=85K.
Comparison of the currents

J.,(81 K) and

J,,(85 K) lead us to the following conclusions.

Decrease in the temperature from 85 K down to 81 K
leads to a substantial increase (by factors of 1.6 to 3.4)
in the pinning force. At 7=281 K the irradiation does

10

not practically affect the critical current value for a.=0’,
but has considerably increased J. for all other crystal
orientations, even for the 50...85° range, for which a
decrease in the critical current at 85 K is observed. The
maximum relative increase in the critical current due to
irradiation is observed for the orientation o = 14°. For
T'= 85 K this increase in the critical current equals 32.4,
and for 7= 81 K the increase equals 15.5, i.e. two times
smaller. The influence of low-temperature electron
irradiation on the anisotropic behavior of critical current
in the YBa,Cu;0. single crystal suggests the following
interpretation.
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Fig. 8. Angular variation of the critical current
measured at T =85 K and T = 81 K in magnetic field
H = 15 kOe before irradiation and after irradiation
with a dose of 3-10" el/cm’

As can be seen in Fig. 8, at temperature 81 K the
J»(a) dependence has local minimum at o =1.4°.

This is evidence that the ordered state of the VL occurs
for angles of « <1.4°, whereas the disordered state of
the VL occurs in the same region of angles at 7=85 K.
This difference is caused by the fact that the elastic
energy increases with decreasing temperature more
rapidly than the pinning energy [13]. Therefore, when
the temperature decreases (while the field and angle «
are kept constant), a transition occurs from the
disordered to the ordered state.

In magnetic field applied parallel to the ab-plane
(a=0") pinning force is strong due to presence of
intrinsic pinning buriers, and introduction of additional
point-like pinning centers slightly increases (about 1.2
and 2 times respectively for 81 and 85 K) the critical
current. For angles o >40° pinning force is strongly
affected by twins, and introduction of additional point
defects slightly increases the critical current at 81 K,
and slightly decreases the critical current at 85 K.
Decisive role of the point defects is seen in the range of
angles 1°<a<409, where intrinsic pinning and
pinning at twin boundaries “do not work”. This
conclusion is verified by the results of our studies into
the influence of low-temperature irradiation on the
transformation of anisotropic dependences of the critical
current. Really, the 2.5MeV electron irradiation
generates only point defects in the single crystal lattice,
and possibly, taking into account the annealing of
irradiated samples at 100 K, small point-defect clusters.
With an increasing irradiation dose, i.e., with an



increase in the point defect concentration, the maximum
increments in the critical current are observed just for
the above-mentioned crystal orientation. A decrease of
critical current in the irradiated specimens at 85 K for
the range 1° < @ <40° may be due to an appreciable
decrease in the melting temperature of the
superconductor vortex lattice, (7,,). At = T,, the ohmic
superconducting-normal  transition begins with a
dramatic falloff of critical current to zero. As shown in
Section 3, for the 50...85° orientation, T, differs from
the temperature of measurements by no more than 2 K.
Therefore, even a 1to 1.5 K decrease in the melting
temperature due to irradiation leads to an essential drop
in the critical current. The conclusion is verified by the
measurements for 81 K (Section 5, Fig. 3). In this case,
the measurement temperature is 5 to 6 K below the 7,
for a=50...85", and irradiation provides a rise in the
critical current for all crystal orientations, including the
range under consideration. Note, that effect of melting
manifests itself in decrease of the activation energy,
while the depinning current increases with the
irradiation dose, see Fig. 7.

3.5. THE DEPENDENCE OF CRITICAL
CURRENT ON THE RADIATION DOSE

The low-temperature irradiation with 2.5 MeV
electrons provides precision studies into the influence of
point defect concentration on the critical current of
HTSC single crystals. Below, we consider and analyze
dose dependence of the critical current shown in Fig. 9.
As it follows from the data, the relative increase in the
critical current J,(¢)/J.(0) with the irradiation dose

depends on the temperature, magnetic field and angle
a.

For the maximum dose (3.1-10" el/em?) and
a=14° the ratio J(p)/J(0) attains the following

values: 8.7 (for 77 K), 11.5 (79 K), 22.1 (83 K) and 31.4
(86 K). In this case, the absolute J ;,; values make 63.6,
54.05, 37.4 and 25.2 kA/em?, respectively. Except for
the “zero dose”, all the dependences can be fairly
approximated by the straight lines. This is conformed
with the slope k =1observed for dose dependence of

the relative critical current J(¢)/J(0) being re-plotted
in the In[J,(9)/J.(0)]-Ing scale, see Fig. 10. The

linear approximation to high radiation doses allows us
to predict a certain critical current value of the irradiated
single crystals. Thus it can be expected that
J.=100 kA/cm? at 77 K can be attained after irradiation
to a dose of (5.5...6.0):10'® el/cm®. This critical current
value is a record for HTSC YBaCuO single crystals for
their possible operation at a liquid nitrogen temperature
(77 K) in the field H =10 kOe. The relative increase in
the critical current, as compared to the initial
(nonirradiated) sample, is expected to be 8.7 The same-
level critical current (100 kA/cm?) for 86 K can be
attained at irradiation to a dose of 110" el/cm®. This
will make a nearly 100-fold relative increase. However,
the dose curve for this temperature may deviate from
the linear dependence due to the fact that with an
increase in the radiation defect concentration the
melting temperature of the vortex lattice will approach
the temperature of critical current measurement. For

lower temperatures of measurement this effect will exert
a substantially less influence.

For the maximum irradiation dose (3.1-10'® el/cm?),
magnetic field 15 kOe, and a=0 the ratio

J.(9)]J.(0) attains the values 2.7 (for 85K) and 1.2
(for 81 K), i.e., they are much smaller compared to the
ratio values J,(¢)/J,.(0) obtained for a=14°. This

difference is plausible considering presence of strong
intrinsic  pinning barriers, which give substantial
contribution to the pinning force in magnetic field
applied parallel to ab-plane of the crystal. Therefore
increase of the point defects concentration slight
increases the pinning force.
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Fig. 9. Dose dependences of relative increase of the
critical current
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Fig. 10. Dose dependences of relative increase of the
critical current plotted in double logarithmic scale

It is important to notice difference in dose
dependence of the ratio J(¢)/J(0), which is observed

in different magnetic fields for angle a=14°. In
magnetic field 5 kOe the ratio weak increases with dose,
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and the slope £ =1/3, see Fig. 10, corresponds to dose
. 3 .
dependence of the pinning force F, «cn 1{ ; in
agreement with predictions of the collective pinning
theory for the single vortex pinning regime [20]. As
seen in Fig. 3, pinning force decreases with increasing
field up to 5 kOe, i.e., ordered VL is formed for all
irradiation dose. Therefore weak increase of the pinning
force with the defects concentration, F), ocngj, is
characteristic feature of the ordered VL.

In magnetic field 20 kOe the ratio J(¢)/J(0) sharp
increases at irradiation to a dose of 10' el/cm?, and
steady increases with further dose increase, that is
conformed in the slope &£ =1, see Fig. 10, i.e., in dose

dependence of the pinning force F, ocn,,. The field

20 kOe is far above H, for all irradiation dose.
Therefore sharp increase of the ratio occurred after
irradiation to a dose of 10'® el/cm’ can be attributed to
transition from the ordered to disordered state of VL,
and steady increase of the pinning force F, «n,, can

be attributed to characteristic feature of the ordered VL
formed far above the OD transition.
In magnetic field 10 kOe the ratio J(¢)/J(0) weak

increases at irradiation to a dose of 10'® el/cm?, and fast
increases with further increase in the dose, that is
conformed in the slope k=2, see Fig. 10, i.e., in dose

dependence of the pinning force F, ocn f,d . As seen in

Fig. 3, pinning force decreases with increasing field up
to 10 kOe, i.e., for this irradiation dose ordered VL is
formed. Further increase in the irradiation dose leads to
decrease of minimum position on the J,.(H) curves

below 10kOe, see Fig. 3, indicating formation of
disordered VL, therefore fast increase in the pinning

force with the F s n?, is characteristic feature of the

pd
disordered VL formed just above the OD transition.

Thus we can conclude that increase of point defects
concentration cause weak increase of the pinning force
of the ordered VL, sharp (parabolic) increase of the
pinning force at the OD transition, and steady (linear)
increase of the pinning force of the disordered VL far
above the OD transition. Analogous qualitative
variation of the pinning force (the same exponents of
power) is observed for magnetic field applied parallel to
the ab-plane of the crystal, though relative increase of
the pinning force is much smaller.

3.6. THE DEPENDENCE OF CRITICAL

CURRENT ON THE ANNEAL

OF IRRADIATION DEFECTS
Previous experimental studies have shown that
structure defects produced by the low-temperature
(10 K) irradiation with 2.5 MeV electrons are partially
annealed upon increase of temperature [35]. However,
sme part of the irradiation defects is stable at such high
temperature as 350 K. Our results, which are shown in
Fig. 11, support this conclusion. It is seen, that anneal of
the irradiated sample at 330 K partially decreases the

12

critical current, but it remains higher compared to
critical current in the initial (non-irradiated) crystal.
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Fig. 11. Angular variation of the critical current
measured at T = 81 K in magnetic field H = 15 kOe
before irradiation (curve 1), after irradiation with a

dose of 2.3-10" el/cm’ and after subsequent anneal of
the sample at T=330 K

4. CONCLUSIONS

e Investigations have been performed to elucidate
the influence of low-temperature electron irradiation on
the superconductor critical temperature and the transport
critical current in high-quality HTSC single crystals.

e The evolution of critical temperature and melting
temperature has been investigated versus irradiation
dose and the crystal orientation relative to the magnetic
field.

e Detailed studies have been made into evolution of
the critical current with radiation defects concentration:
the current slow increases for ordered vortex lattice

(J, < n;/; ), fast increases just above the transition into

the disordered state of vortex lattice (J, oc n;d ), and

steady increase is observed for disordered vortex lattice.

e Detailed investigations have been made into
evolution of the critical current with magnetic field and
angle « between magnetic field vector and
crystallographic ab-plane of the crystal. Both the
J.(H) and J.(a) functions are dependent on the

phase state of vortex lattice. Role of radiation-induced
point defects and planar defects (twin boundaries) in
formation of the phase state of the vortex lattice has
been elucidated.

o It has been demonstrated that the point defects,
generated by electron irradiation, are the efficient
pinning centers in HTSC single crystals, and they are
responsible for a substantial rise in the critical current.
The maximum (more than 30-fold) relative increase in
the critical current has been obtained for the YBaCuO
single crystal irradiated to a dose of 3-10'® el/cm?, the
crystallographic ab-plane being oriented at o = 14° with
respect to the external magnetic-field vector.

e For the conditions of maximum effect of
irradiation, dose dependences of critical current have
been investigated for different temperatures of
measurement. Relying on the approximation of the
experimental dependences obtained, a conclusion was



made about the possibility of increasing the critical
current density up to 10° A/em® at 77 K in single
crystals irradiated with 2.5 MeV electrons to a dose of
~(5.5...6):10"® el/cm?.

e The present data on the efficient influence of
electron irradiation on the critical current increase in
HTSC single crystals can be used in the development of
the principles of radiation technology of increasing the
intragranular critical current in bulk polycrystalline
high-T, superconductors for their use in new devices
and mechanisms.
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YI'JIOBBIE U MAT'HUTHO-ITOJIEBBIE 3ABUCUMOCTHU KPUTHYECKOI'O TOKA
OBJYYEHHBIX MOHOKPUCTAJUIOB YBaCuO

HO. Ilempycenko

[IpoBeneHO HCClENOBaHME MEXAaHU3MOB, OTBETCTBEHHBIX 3a TOKOHECYILYIO CIIOCOOHOCTH OOJIy4EHHBIX
BBICOKOTEMIepaTypHbIX cBepxnpoBoaHukoB (BTCIT). [list 3Toro ObUIM BBINOIHEHBI SKCHEPHUMEHTHI 110 N3yYEHUIO
BIMSHHUSL TE€HEPHUPOBAaHHBIX OOJYYEHHEM BBICOKORHEPICTUUHBIMHM DJIEKTPOHAMH TOYEYHBIX Je(EeKTOB Ha
TeMInepaTypy cBepxmpoBojsmiero mnepexoga u  kpurudeckuil Tok BTCII-monoxpuctamio YBa,Cu;O;.
Kpurnuecknii TpaHCHOPTHBIN TOK B MOHOKPUCTAIJIAX OTPEEIISUICS ¢ IOMOIIBIO METOA POITyCKAaHHS TIOCTOSIHHOTO
TOKa IIOTHOCTBIO 10 80000 A/cM’. DKCHEPHMEHTANbHO YCTAHOBIEHO Gojnee ueM 30-KpaTHOE YBEIMUCHHE
IUIOTHOCTH KPHUTHYECKOTO TOKAa B MOHOKpHCTaIaX, OONYYeHHBIX JJIEKTPOHAMHU ¢ SHeprued 2,5 MsB mo mo3sr
3-10'"® a1./cm”. TIpoBesieHbI JeTalbHbIE HCCIEIOBAHHMS AHH30TPONMH KPUTHUECKOTO TOKA M €r0 3aBUCHMOCTH OT
BEJIMYMHBl MAarHUTHOTO IIOJsI B OOJYYCHHBIX MOHOKpHCTaIaX. Brepsble Noka3aHa BBICOKas 3(P(EKTHBHOCTD
TOYCYHBIX 1e()EKTOB KaK IEHTPOB MUHHUHTA MarHUTHBIX Buxpeil B BTCII-MoHOKpHCTaNIaX.

KYTOBI TA MAT'HITHO-IIOJIbOBI 3AJIEZ(KHOCTI KPUTUYHOI'O CTPYMY
OITPOMIHEHUX MOHOKPHUCTAJIIB YBaCuO

1O. ITempycenko

IIpoBeneHo mOCHiMKEHHA MEXaHI3MiB, MO0 OOYMOBIIOIOTH CTPYMOHECY4y CIPOMOXKHICTH OIPOMIHEHHX
BHCcOKoTemmeparypHux HaampoBigaukis (BTHII). B po6oTi BHKOHaHI €KCIIEPUMEHTH 3 BCTAaHOBJICHHS BIUIUBY
TEHEPOBAHUX ONPOMIHEHHAM BHCOKOCHEPIeTHYHMMH EJICKTPOHAMHM TOYKOBHX Je(eKTiB Ha TeMIeparypy
HaJNPOBITHOTO nepexony Ta kpuruunuii ctpyM y BTHII-monokpucranax YBa,Cu;0;.,. Kputnunuii TpancniopTHHIA
CTPYM B MOHOKPHUCTaJIaX BUMIPIOBABCS 3 BUKOPUCTAHHIM METOJy NepeITyCKaHHs [TOCTIHHOTO CTPyMY ILUIBHICTIO 10
80000 A/cM’. EKCriepHMEHTAIbHO BCTAHOBICHO OLIBII HiX 30-pa3’oBe MiABUIIEHHS IiILHOCTI KPUTHYHOTO CTPYMY
B MOHOKPHCTAJIaX, L0 OIPOMIHEH] eleKTpoHaMmu 3 eHeprieio 2,5 MeB nosor 3-10'® ex/cm’. Bukonaui neraibhi
JOCIIJKCHHST aHI30TPOITii KPUTHIHOTO CTPYMY i HOTO 3aJIe)KHOCTI BiJi BEIMYMHNA MATHITHOTO TOJIS B ONMPOMIHCHUX
MOHOKpHCTaNax. Brepmie moka3aHa BHCOKAa €(QEKTHBHICTH TOYKOBHX NE(EKTIB AK LEHTPIB MIHIHTY MarHiTHHX
BuxopiB y BTHII-moHOKpHCTaNax.
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