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Critical currents in real HTSC materials

V. M. Pan

Institute of Metal Physics, Kiev 252142, Ukraine

Abstract

It is shown that in Y Ba2Cu3O7 single crystals and highly c-axis oriented thin films the similar screw dislocations
induced cooperative mechanism of growth can be observed. Such growth is accompanied by volume rotations of
microblocks which result in formation of low-angle subgrain boundaries. Low angle boundaries appeared to be
consisting of edge dislocations arrays (walls). Dislocation density of such particular structures actually defines values

of critical current density in real HTSC materials.

1. Introduction

Since high temperature superconductors were
discovered, an aspiration to use them for high
current devices working at high fields and lig-
uid nitrogen temperature stimulated researchers.
Nevertheless, despite of intensive efforts, conduc-
tors of HTSC materials with high current carrying
ability at 77 K are not developed up to date.

Transport J., at 77 K and J.,(H ) values, which
are necessary for high current application, such as
magnet systems, electrical machines, power trans-
mission lines, etc., were reached only in thin epi-
taxial films. For example, in Y BayCuz07_, de-
posited epitaxially onto a single crystalline dielec-
tric substrate the critical current J,, can exceed
5x 108 A/cm? in the self current field [1]. At 57T
field applied perpendicularly to the CuO; layers
in a c-oriented quasi-single-crystalline YBCO film
Jo, (TTK,5T) > 10* A/em? [2].

In the single crystals grown by the conventional
solution-melt procedure [3] the direct critical cur-
rent measurements are embarrassed because of
extremely small sample size (usually 2.0 x 1.5 x
0.1 mm) and contact resistance. Only very re-
cently we have firmly shown that in the single
crystals J., (77 K) can be higher than 10° A/cm?
in the self current field [4] and at 2T applied
perpendicularly to the c-axis J. (77 K,2 T) >
2 x 10*4/em? [4].

As for the bulk conductors, that is wires (single
and multifilament) as well as tapes, J;, (77 K) in
such materials does not exceed 1+5x 10* A/em?
and at 5 T field applied parallel to the c-axis
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hardly reach 10% A/em?.

Thus, difficulties with applications of high cur-
rent HTSC materials at 77 K have been found to
be rather significant. Likely, much more efforts
are required to overcome these obstacles.

The problems have been found to be connected
with a layered crystal structure, which determines
anisotropic properties of HTSC compounds. It
is well known that HTSC materials can be de-
scribed as a pile of superconducting CuQO- layers
separated from each other with layers of different
atoms constituting an insulator. The supercur-
rent flow in such anisotropic structure is confined
within CuO; (ab) planes.

The anisotropic layered structure of HTSC ma-
terials and their extremely short coherence length
lead to a serious problem on the way to achieve
high J.(77 K) and J.(H). Indeed two basic con-
tradictory conditions are to be satisfied: (i) Ma-
terial structure must consist of continuous CuO2
planes highly oriented along the direction of the
transport supercurrent. (ii) High density of struc-
ture defects must be introduced into material to
provide the strongest pinning of Abrikosov vor-
tices, but without any distortions of stacking of
CuO; planes, coupling, and continuity.

The most effective pins appear to be extended
linear defects (dislocations) along applied mag-
netic field. Twenty years all researchers consid-
ered single dislocation as a defect which cannot
provide strong pinning. However, the case of
HTSC is quite different because the dislocation
core size and the coherence length in ab-plane
have the same length scale. The core interac-
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tion mechanism leads to extremely strong vortex
pinning which could be enhanced by electrostatic
interaction [5].

Observed distinction of the transport criti-
cal current density in YBCO single crystals
and YBCO laser ablated or magnetron sput-
tered quasi-single-crystalline thin films can be ex-
plained by a considerable difference of edge dislo-
cation density at subgrain boundaries.

The similar cooperative growth mechanism me-
diated by screw dislocations and formation of
polygonized spirals and volume rotations seem to
be responsible for the formation of a large number
of slightly misoriented subgrains both in YBCO
single crystals and thin films. However, the dislo-
cation density in thin films has been shown to be
much higher > 101! em~2 against ~ 5 x 10° ¢m ™2
in single crystals.

2. Single crystals

YBCO single crystal were obtained by conven-
tional flux melt growth technique in YSZ cru-
cibles. In contrary to the results of all previ-
ous measurements of the transport critical cur-
rent density in our studies [4] J, and J.(H) were
at least by an order of magnitude higher than J,,
which was measured earlier by other authors.

The results of J. measurements for different
crystals are listed below.

Table 1. Critical currents of the single crystals

Crystal © T,, K J., Afem? Theas, K

" number (R =0)

6A 87.0 7 x 104 81.2
TA 88.3 2 x 105 82.5
10A 86.0 4 x 104 83.2
1B 87.5 1 x 10° 82.0

Data measured by us for crystals are presented
in Fig.1(a,b): , temperature and field dependen-
cies of J,,. Resistivity at 100 K approximately
50 u) - em, resistivity ratio psoo/p100 > 3, the av-

erage mosaicity in ab-plane (measured by X-ray)
less than one angle degree, mosaic block size of
0.7+0.8 um as estimated from X-ray data. Trans-
port electrical measurements were carried out on
chemically etched very thin bridges with cross sec-
tion area about 400 + 500 um? with the use of
permanent and pulse current (2 ps pulse dura-
tion, repetition frequency 50 Hz). More details
of the J. measurements were described elsewhere
[4].

It was quite natural to suggest that such high
measured J., and J.,(H ) are due to some features
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Figure 1(a,b).
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Figure 2. Growth spirals and microblocks in YBCO crystal.

of the fine structure of these crystals. We used
TEM and HREM to study microstructure [6].

Samples for TEM and HREM studies were two-
side ion-milled with rotation under the argon ion
beam angle of 25° and accelerating voltage of
3.5 kV.

A chemical etching revealed hills or hillocks
on the surface of grown crystals. The nature
of such phenomenon is purely dislocational (or
stress-strain dependent) that has been shown by
Hirosawa [7]. Our investigations have shown that
ion-milling under high angles acts like chemi-
cal etching on YBCO single crystals revealing
the same hillocks as the scanning tunneling mi-
croscopy does. The structure of the crystals has
been examined by TEM and HREM at different
magnifications (up to direct resolution of the crys-
tal lattice).

Under the low magnification the HREM image
of the etched crystal exhibited contrast like

several concentric circles originated from different
sources. The HREM micrograph (Fig.2) was ob-
served in a narrow range of a goniometer stage
angles exhibiting contrast which is rather crys-
tallographic than topographic one. The shape
of the mentioned srtuctural features still reminds
hillocks (”pyramids”) consisted of several ter-
races. There were no possibility to detect a sign
of ”pyramids” respectively (001) plane by electron
microscopy. Obviously there were parallel tracks
of the mirror plane through the all the apexes
of "pyramids”. By microdiffraction these tracks
were found to be parallel to [100] or [010] direc-
tions (no distinction between a and b directions
was made in this work). The specific structural
features described above had the local density of
107 ¢m~? were nonuniformly distributed in the
crystal. In general the picture (Fig.2) is very
similar to a interference pattern of several wavy
sources. This interference pattern seems to be
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"frozen” in YBCO crystal structure. The interac-
tion between circular waves determines the shape
of terraces and blocks.

As the magnification increases, the size of mi-
croblocks can be measured. The average block
size was 0.1 + 1 um. The ”tweed-like” structure
along [110] direction is observed inside the blocks.
This structure is typical for a rearrangement of
stresses in YBCO as described in [8,9]. The
boundaries between the blocks are low-angle ones.
Indeed, "tweed-like” components of the structure
change their orientation across the grain bound-
ary about one degree. The latter is confirmed by
microdiffraction where all reflections have small
in-plane (001) misorientation. It is known that for
(110) twinning the azimuthal misorientation is ob-
served for certain crystallographic reflections [8].
This does not occur in our case. Hence, showing
the subgrain misorientations, the microdiffraction
corresponds to a "domain-like” structure rather
than to the ”twin-like” one.

The investigation of crystal defects were per-
formed under the highest magnification (~ 10%).
A majority of (001) plane views showed regular
crystal lattice without a/2 (b/2) shifts.

Taking into account the traces of the mirror
planes on the spiral apexes (parallel to [100] direc-
tion) one can suggest that in YBCO single crys-
tals the spiral growth is accompanied by antiphase
boundaries formation. The vertical component of
the antiphase boundaries shift vector is respon-
sible for the vertical step formation between ter-
races of the growth spirals.

Thus, one can conclude that growth spirals
as well as microblocks do form the structure of
YBCO single crystals. The presence of low-
angle microblock boundaries means that there are
a [100] (or b [010]) edge dislocations. Therefore,
the expected edge dislocations density should be
about 10° ¢cm~2. The contribution to the disloca-
tion density is suggested to be caused by screw
dislocations inside the spirals, by edge disloca-
tions at the low-angle microblocks, and by the
partials due to the formation of antiphase bound-
aries. This ensures strong pinning of vortices and
results in the highest J. values known for YBCO
single crystals.

3.Thin films

The YBCO films were deposited with the use
of a pulsed Nd : Y AG laser (wavelength 1.06 um)
on YSZ (Y-stabilized zirconia) substrates heated
to 680 < 800°C.

The film thickness were 200400 nm, T, ~ 89+
93 K, the residual resistance pjoo = 100200 uQ-
cm and the resistance ratio psgo/p100 = 2.6 = 3.0.

The structure was investigated by XRD, SEM,
TEM and HREM methods. Electrical transport
measurements of films (p (T), p (T,H), I -V
characteristics included those in magnetic field
normal to the substrate and film) were carried out
with the use of a pulsed method. Special features
of these measurements and results have been ear-
lier described [10]. The highest critical current
density (J.(77 K) > 5x 10% A/cm?) was detected
in the film deposited at T, = 740°C.

In the early stages of film nucleation and growth
when T is high enough (7, > 740°C, c-axis ori-
ented islands are formed [11,12] which intercon-
nect at thicknesses of about 5 nm with the pro-
ceeding of the deposition process [11]. The island
growth follows mechanisms associated with spi-
ral morphology formation. The growth of spiral-
like pyramidal islands induced by screw disloca-
tions was first observed in [13,14] with the use of
scanning tunneling microscopy (STM). We have
managed to detect spiral-like pyramids with the
use of conventional scanning electron microscopy
(SEM). Such formations described in detail in
[15]. As a rule, the islands with pyramidal ter-
races we detected in this work significantly dif-
fer from those observed in [11,13,14] with the use
of STM. The visible steps comprise about 10 -
axis unit cells, each ~ 1.2 nm high. In [15] a
suggestion is made on the nature of such mor-
phology. The laser ablated films we investigated
were obtained with the use of Nd : Y AG laser
with a wavelength much longer (by a factor of
3 + 4) than that generated by an excimer laser,
e.g. KrF laser (A = 248 nm). This may account
for the increased density of screw dislocations in
the growing film which may alter in accordance
with the spiral growth mechanism [16,17]. In the
case where the distance between the dislocation
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sources becomes shorter than critical [18]
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(where v is the boundary free energy, a is the
lattice constant, 6 is the supersaturation degree,
k' = 9 + 6 for different spiral shapes), the growth
induced by individual screw dislocations is re-
placed with the cooperative growth associated
with several dislocation sources simultaneously.
According to [16] this growth mode was named
”polygonized spiral growth”.

Thus, the concentration of screw dislocations in
[19] appears to have been evaluated inaccurately.
Since it can be assumed that in that case the
mechanism of growth of YBCO films was also as-
sociated with propagation of polygonized spirals,
the actual concentration of screw dislocations was
several times higher.

An important feature of this growth mechanism
is the initiation of the so called ”volume rota-
tions” on a relatively large scale inside the crystal.
The shape of the rotating volume ”"wind” approx-
imates to an Archimedian spiral but depends on
the rate of spiral propagation [16]. The volume
rotations shown e.g. in Fig.3 (TEM photograph)
bring about the development of a substructure in-
volving the formation of blocks (subgrains) and
low-angle dislocation boundaries, which appear
to be dominating structural elements determining
the behavior of transport superconducting prop-
erties.

It is worth noting that during the growth and
structural formation of ¢-axis oriented films in ad-
dition to low-angle dislocation boundaries, high-
angle boundaries may also arise which, can be
described by rotations around the c-axis [001]
and represented in terms of near-coincidence site
lattices (CSL) for orthorhombic crystals. It is
assumed that the forming high-angle [001] tilt
boundaries represented in the CSL or near-CSL
by the values ¥ = 1,5,13,17,29 may be classified
based on energy considerations as special bound-

aries.
We have shown [15] that ig the film deposited

at T = 760°C7 a snecial honndarv with a misori-

near-CSL is formed which was determined from
the SAD data.

Several authors (see e.g. [20]) suggest that
high-angle special boundaries may prove more
transparent for strongly coupled non-Josephson
supercurrents due to their low boundary energy
and coherence. Experimental evidence in favour
of such a suggestion is assumed to have been ob-
tained in work [21] carried out on Y BagCu307_,
bicrystals misoriented at various angles relative
to each other. However, for the present these
data cannot be considered unambiguous. The
complete transparence for strongly coupled super-
currents has been convincingly demonstrated in
one high-angle boundary only: the 90° [010] twist
boundary [22].

Figure 3. Macro-spiral close to the interface with
YSZ substrate formed in the film deposited at
T, = 740°C (dark-field image). Each "wind” cor-
responds to a separate screw dislocation.

It is worth noting that in several films de-
posited on YSZ substrates at T > 760°C no high-
angle boundaries were observed by SAD and X-
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ray analysis methods.

Similar results were obtained in other works
(see e.g. [23]). The reasons for inducing the
formation of the quasi-single-crystalline structure
in films where only low-angle dislocation bound-
aries of the subgrains are present remain unclear.
However, an important role in the formation of
such quasi-single-crystalline structures has been
ascribed to the artificial epitaxy or graphoepitaxy
phenomenon [12,23,24].

A question arises on the effective pinning cen-
ters in films with a quasi-single-crystalline struc-
ture. The authors of [13,14] were the first to sug-
gest that high density growth screw dislocations
(ng = 10° cm™2) serve as effective pinning cen-
ters. However, the density nqg ~ 10° em™2 is not
sufficient to account for high J.(H) in fields with
induction of 1 T, when the average vortex den-
sity B/¢o ~ 5 x 101° ¢m~2. The most signifi-
cant role in the density of pinning centers may be
played by edge dislocations with the Burgers vec-
tor b = @ [100] which form the grain or subgrain
boundaries and the concentration of which (de-
pinning on average grain size and misorientation)
can reach or even exceed [12,19] 10!! em~2.

The structure of the low-angle tilt 3.5° bound-
ary has been recently studied by high resolu-
tion electron microscopy [25]. The authors have
shown that it consists, as was mentioned above,
of a number of discrete edge dislocations. The
spacings of these dislocations, D, gives ~ 6 nm
and corresponds to the known Frank formula,
D = |b|/sin@ or D = |b|/6 for low 6.

The dislocation cores are of a finite size, about
2 nm in diameter. It should be noted that ar-
eas in low-angle boundaries separated from each
other by highly located cores reveal a perfect lat-
tice connectivity and a considerable number of
practically undistorted rows of Cu — O atoms
which appear to be able to provide the flow
of strongly-coupled (non-Josephson) supercurrent
through the boundary. The flow of strongly cou-
pled current through the boundary is cut off when
the dislocation cores form a continuous row, i.e.
the distance D is equal to ~ 2 nm. It is easy to
see that this distance exactly corresponds to the
critical misorientation angle value of 10° found in

[26].

These assumptions make it possible to explain
the origin of the Josephson characteristics of the
grain boundary and the magnitude of the criti-
cal misorientation angle at which the transition
from strongly coupled to Josephson behavior of
the grain boundary occurs.

The fast decrease in the critical current val-
ues with an increase in grain misorientation an-
gle within the interval below 10° + 11° observed
in [26] on bicrystalline films may be associated
in our opinion with local suppression of the su-
perconducting order parameter along the dislo-
cation chain forming the boundary, due to the
proximity effect which, as we suppose, arises on
the boundary between superconducting and non-
superconducting areas in the vicinity of the dislo-
cation core. With an increase in the grain misori-
entation angle and closing in of edge dislocation
cores along the boundary, so called easy slip chan-
nels for vortex motion are formed which appear
during the investigation of the films’ I —V curves,
as we have shown e.g. in [19].

4. Linear defects and vortex pinning

As was mentioned before, at relatively low mis-
orientation angles the edge dislocations along the
grain boundaries and other linear defects may act
as effective pins and determine high values of crit-
ical current density. It should be noted that in
the experiment it is rather difficult to determine
unambiguously the type of main pinning centers.
Nevertheless, based on the analysis of field func-
tions of pinning forces it has been shown [27]
that the main pins in Y;Ba4CugOq64, films in-
vestigated in that work were dislocations and not
e.g. point defects. Investigation of the magnetic
properties of Y Ba,CugQO7 single crystals irradi-
ated with heavy ions [28] has revealed that the
critical current is determined by vortex pinning
on radiation tracks: linear defects arising during
irradiation and replacing in this case the disloca-
tions.

These experiments of Civale et al. [28] have
shown that in Y BayCu307 single crystals after
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irradiation by heavy ions the ions create channels
of damaged material (with diameter d = 50 A)
along their tracks. In experiments [28] these chan-
nels were aligned parallel the the c-axis of crystal
and to magnetic field field B and so they could
serve as almost ideal pins. It seems to be quite
obvious that linear defects of other type (such as
screw or edge dislocations) may also serve as effec-
tive pins, provided they have a normal core with
radius r > &up.
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Figure 4. (a) Excited state of the vortes pinned on
a linear defect as a ”bubble”; (b) vortex transtion
from one linear defect to another due to move-
ment of kinks; (c) plot of U;(S) for different val-
ues of reduced current j = J/J.,. In the insert
the maximum value of U;(5) designated as U*"
is plotted against j. 5 = 1/&g.

Basing on the theory of elastic properties of
the flux line lattice in anisotropic superconduc-
tors [29] in the low field limit, we have calculated
the excitation energy of a vortex pinned by a lin-
ear defect in anisotropic superconductor carrying
transport current J. For an excitation, which has
the shape of a linear "bubble” flowed out from the
linear defect, its energy [30]:

U; = eoll + alu?,/l + a2(uglnl)/l — azJ [ Jo(uol)]

where [ and u are characteristic dimensions of the
"bubble” along and across the linear defect re-
spectively. g¢ is the linear density of the pinning
energy:

co(HZ/8m)mEly = ¢5/(647°22%)

Je0 is the critical current density in the absence
of flux creep:

JCO = CEO/(‘bOEab) = C¢O/(64/\zb£ab)

ay 2,3 are numerical coefficients depending on the
anisotropy parameter y = (m./mg)'/%. Analysis
of the expression for U; allows to conclude that
in the presence of transport current J there is a
critical size uJ***(J) for the "bubble” of optimal
shape (corresponding to a minimum of U; when
one of the linear dimensions, e.g. wug, is fixed).
If up > ug**(J), the "bubble” becomes unstable.
Under the action of the Lorentz force it starts
swelling until it will reach the adjacent linear de-
fect. Then, the remaining part of the vortex es-
capes from the linear defect, where it was pinned,
due to the movement of kinks running in the op-
posite direction along the axis of linear defect.
One can also conclude that the activation energy
for such kind of vortex depinning should consid-
erably depend on the transport current density
even in the low current region j = J/Jo — O
U(j) o 571, This can be observed experimentally
as a non-linearity of I —V curves: F « exp —a/j.
Such kind of non-linearity is often observed exper-
imentally and it is usually ascribed to an influence
of collective effects on the vortex lattice (vortex
glass state). In the framework of this model such
kind of I —V curves may be obtained without tak-
ing into account collective effects and it is purely
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due to the specific mechanism of the vortex depin-
ning from linear defects. Recently similar results
were also obtained by Brandt [31] and Nelson [32].

5. Conclusion

Real structure and substructure of YBCO sin-
gle crystals and thin films appeared to be much
more sophisticated than one could suggest be-
fore. Slightly misoriented microblocks in ab plane
inherited after cooperative spiral mechanism of
growth and their dislocation low-angle boundaries
give a dominant contribution to flux pinning and
critical current density in real YBCO materials.
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