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Large, isometric and high-quality single crystals of YBa.Cus0. (123), which are
undoubtedly one of the most important materials fqr understanding the origin of high-
temperature superconducting transitions (T.) above liquid nitrogen temperatures, have
successfully been grown from a mixed region of solid Y.BaCuOs (211) and melt. The
crystals have sharp, shiny habits with a maximum thickness of about 7 mm along the c-
axis. The best growth condition is that the solvent composition is 7BaCuD: » 11Cu0,
which is close to the binary eutectic of BaCu0.-Cu0, and the optimum concentration of
the growth system is that the ratio of 1/6 (123) to 1/25 (7BaCuQ. - 11Cu0) equals 3:7.
The use of Y.0:-crucibles prevents contamination from containers during growth, and
facilitates the synthesis of high-purity crystals. Temperature gradient and seed
crystals are both effective for controlling nucleation,

The annealed crystals have a sharp superconductive transition at 91 K. The temperature
dependence of the resistivity is found to be metallic in the a(b)- as well as the c-
direction. Sufficient diamagnetism is manifested as a sharp transition at Tc with a
complete shielding effect at temperatures below Tc. Remarkable anisotropy, in the
broadening of the resistive transition, can be observed under magnetic fields parallel
or perpendicular to the c-axis.

Investigations on the crystal growth mechanism of the 123 crystal have revealed the
occurrence of diffusion of the 123 phase to the surrounding melt in three-phase, 123,
211 and the melt, region. This fact suggests the solubility of the 123 phase to the
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melt, and induction of Ostwald ripening, which acts on the solid-melt interfaces to
lower the interface free energy of the growing crystals. These lead to the growth of 123
crystals which progresses due to the peritectic reaction between the 211 solid and the
surrounding melt phase.

The study of critical current density (J¢) is quite important both for fundamental
studies of superconductivity and for practical applications. The enhancement of J¢ is
associated with various crystalline imperfections such as point defect, void,
dislocation, twin boundary, strain field and so on. These imperfections may return the
superconducting state to normal with an increase in the magnetic field or temperature,
and consequently, work as pinning centers of the vortices. In this study, we have
focused on the relationship between J¢ and crystalline imperfections in 123 single
crystals which have been grown from various conditions as a result of the coexistence
of the 211 solid and the melt phase. By decreasing the melt composition, an increase im
the concentration of the voids are observed. These voids enhance the Meissner
fractions, Jc and also the effective pinning energy. These facts indicate strong flux
pinning due to the voids.

The effect of the twin boundaries on Jc has been studied by using densely twinned and
perfectly detwinned domains in the same 123 single crystal. The most successful
thermomechanical detwinning of the 123 crystals is observed in a treatment in inert gas.
The influence of the twin boundaries on Jc depends on temperature. At low temperatures,
Jc of the twinned domain has a smaller value than that of the detwinned one. However,
as the temperature increases, the twin boundaries works as being strong pins anq J¢ of
the twinned domain provides a larger value than that of the detwinned ore.

Keywords: Oxide Superconductor, Single Crystal, YBa.Cui0, Crystal Growth, Flux Pinning,
Critical Current Density, Twin Boundary
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Chapter 1. Introduction

In mid-1987, the initial discovery by Bednorz and Miiller of the 35 K
superconductivity in the La-Ba-Cu-O system” stimulated the search for
higher-temperature superconductors worldwide. Elemental substitution
proved to be most effective for rising the transition temperature, and the
substitution of Sr for Ba was able to produce 40 K superconductivity.?
Less than a year later, the substitution of Y for La produced a new high-
temperature superconductor” using formula YBa,Cu,O, with a transition
temperature of 90 K which is much higher than the boiling point of liquid
nitrogen. Superconducting compounds of the form RBa,Cu,0, have been
explored by further substitutions of other types of rare earth (R) for Y. All
these high-temperature superconductors required a rare earth, an alkaline
earth, copper and oxygen. In 1988, superconductivity in rare-earth-free
systems, Bi-Sr-Ca-Cu-O* and TI-Ba-Ca-Cu-0,” with the superconductive
transition between 110 and 125 K were reported. Recently, superconductivity
above 130 K in the Hg-Ba-Ca-Cu-O® system has been reported.

Among these oxide superconductors, the Y-Ba-Cu-O system, which
we treated as the materials for this research is undoubtedly one of the most
important targets for investigating the origin of such properties. Since the
discovery of the Y-Ba-Cu-O system, a great deal of research has alrcady
been undertaken, and their characterization has also been advanced to a
great extent.

Most of these reports have treated nonstoichiometry as one of the main
subjects, because the superconductive material in the Y-Ba-Cu-O system
has been identified as a nonstoichiometric compound in oxygen by the
formula YBa,Cu,0,_,” denoted as 123, where x is the nonstoichiometry of

oxygen. This compound has an unusually wide range in high oxygen
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nonstoichiometry between x=6 to 7 accompanied by a tetragonal-to-
orthorhombic phase change. Twinning occurs along the {1 1 0} planes® to
alleviate the stress associated with the phase transition. The highly defective

structure’ '

was suggested to be attained by the formation of oxygen
vacancies in the O-site which is adjacent to the Cu[1] site on the basal
plane, as shown in Fig. [-1. Furthermore, nonstoichiometry was reported to
be a predominant factor for the superconducting transition as well as the
phase change and transport properties during the normal state.'*"?

The characterization of 123 has advanced considerably by using
homogeneous ceramics. Due to the variety in the data of the physical
properties, which has often been affected b\rue shape and size of grains,
more studies on well-characterized single crystals are needed.

'During the early stage of crystal growth, 123 single crystals for X-ray
structure analyses were prepared on plates using various sintering
methods.''® The single crystals obtained were very tiny, about 0.1 mm in
diameter with a thickness of less than 0.05 mm. Large single crystals
cannot be grown from a melt having a stoichiometric composition, because
a 123 single crystal is an incongruent-melting substance.'® In other words,
it decomposes before melting at high temperatures. Therefore, a growth
technique other than the melt growth method has to be employed to synthesize
123 single crystals. In 1987, preparation of larger single crystals were
attempted by using a solution of CuO and/or BaO.'"?® These single crystals
were plate-like, about 2 mm in diameter with a thickness up to 0.5 mm,
and often displayed a gradual superconductive transition below 90 K. Various
attempts have been made to prepare larger and higher quality single crystals.
Recently, 123 single crystals with a thickness of up to 2 mm have been
obtained by slow cooling of the solution®?® using favorable fluxes.

For a more detailed study of the anisotropic properties and a better
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understanding of superconductivity, we tried to obtain large, iscmetric and
high quality 123 single crystals. As a result of various attempts, isometric
crystals having large aspect ratios, thicimess/diameter, with a thickness of
about 7 mm were obtained by this experiment. The crystals had well-
developed flat surfaces indicating idiomorphic growth.

The temperature dependence of ab-plane resistivity p, and the c-axis
* resistivity p, where reported by S. W. Tozer et al*” (1987) and Y. Iye et
al® (1988). However, both reports showed different temperature
dependences regarding p. According to the former report, p_ showed
semiconductor-like temperature dependence. On the contrary, the latter
said that there was a metallic behavior in p.. As our single crystals are
large enough to measure the anisotropic physical properties, the temperature
dependence of resistivities in both the a (b)- and c-directions could be
precisely determined.

Measurements on the resistivity changes as a function of the applied
magnetic field are important for determining the magnet-electric parameters,
such as the upper critical field and the critical current (J_).**” Until now,
123 single crystals have been not large enough to apply the DC four-probe
method along the c-axis. Using our single crystals, the resistive transition
under the different magnetic fields can be measured by the electric current
along or perpendicular to the c-axis. The temperature dependence of the
magnetic susceptibility was also measured by the superconducting quantum
interference device (SQUID) magnetometer when different magnetic fields
were applied along or perpendicular to the c-axis.

For a fundamental aspect and also for prabtical applications, a study of
the vortex motion is very important. Especially, as regards practical
applications, high J_ in a high magnetic field is a problem, which is strongly

correlated with flux pinning of the vortex motion. An increase in the current
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is associated with various crystalline imperfections such as point defect,>'*?

dislocation,™ twin boundary,**” grain boundary*®

and so on. In the mixed
state of type-II superconductors, a supercurrent can flow without resistance
in the presence of a high magnetic field below the threshold field, the
upper critical field (/_,). Below H ,, as the external field partially penetrates
the superconductors, it forms magnetically quantized and elastically flexible
flux lines with normal cores. The transport supercurrent interacts with
these flux lines and causes a Lorentz force which pushes the flux lines
away from the equilibrium position. Driven by this Lorentz force, a
phenomenon called a “ftux flow” occurs, generating an electric field in the
superconductors. In this case, the material shows resistivity as a result of
this “flux flow” in the superconductors. In type-II superconductors, various
crystal defects inevitably exist and can interact with the flux lines, preventing
them from flowing. Flux pinning is usually the term to describe such a flux
line-defect interaction. To understand the pinning mechanism and achieve
a high J,, we synthesized 123 single crystals using the various conditions
of the coexistence of the solid 211 and the melt phase and focused on the
relationship between J,, and the crystal defects.

The effect of the twin boundaries on /_has been studied using various

techniques: magneto-optical flux visualization,*** Bitter decoration,*”

042 and torque.**** These experimental studies

resistivity,** magnetization
directly indicated the importance of the twin boundaries for flux pinning.
However, there are some difficulties for correct determination because of
the relatively small contribution of the twin boundaries to J,, and because
the well-defined twin free 123 single crystals were hard to obtain. The
contamination of impurity cations with a different ionic radius and valence
from the crucibles during crystal growth has a great influence on the

microstrains near the twin boundaries.*® The detwinning processes in 123
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crystals were carried out by applying a uniaxial stress at a temperature up
to 600°C,*"Y However the detwinned crystals were twinned again when
oxygen annealing was performed without a uniaxial stress. Therefore, it is
difficult to obtain perfectly detwinned crystals which are fully oxidized.
When the J, measurements are carried out in the twinned and detwinned
crystals, there is always the possibility of variations in the density of both
twin boundaries remained and other defects, such as impurity cations and
oxygen vacancies. These defects can mask any contribution to the twin
boundaries. We tried to separate the effect of the twin boundaries from that
of the other defects in densely twinned and perfectly detwinned domains in
the same 123 single crystal by using the data from the magnetic studies.
The thermomechanical detwinning of 123 crystals was made under inert
atmoshere to obtain a perfect detwinned domain. The contribution of the
twin boundaries to J, was studied using various temperatures and magnetic
fields.

The construction of the present paper is as follows. In the next chapter
(Chapter 2), crystal growth of large isometric 123 single crystals and
determination of their anisotropic properties are described. In Chapter 3,
crystal growth mechanism of 123 single crystals through the peritectic
reaction is investigated and Ostwald ripening mechanism under coexisting
region of solid with melt is discussed. In Chapter 4, relationship between
growth condition and flux pinning in 123 single crystals is focused. In
Chapter 5, effect of twin boundaries on flux pinning in densely twinned
and perfectly detwinned 123 single crystals is mentioned. Finally, the paper

is summarized with the concluding remarks in Chapter 6.
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Fig. 1-1. Crystal structure of orthorhombic YBa,Cu,0 ™
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Chapter 2. Growth of Large Isometric YBa,Cu,O, Single Crystals

from a Coexisting Region of a Solid with a Melt

2.1 Introduction

The synthesis of large, isometric and high-quality single crystals of
YBa,Cu,0, (123) wili make an essential contribution in an effort to understand
the mechanism of high-temperature superconductors. In this chapter, we
have described the method for preparation of large single crystals and their
characterization. There are many critical problems for the growth of 123
single crystals. The phase diagram in the ternary system Y,0,-BaO-CuO
reported by Dembinski et al.’” indicates that the composition of 123 exists
outside the primary crystallization field, as shown in Fig. 2-1. This indicates
that 123 melts are incongruent and require a solution growth technique for
obtaining single crystals. The commonly used solvent is an excess of CuO
and/or BaO.""* Other solvents, however, provide unacceptable results as a
regards crystal size and quality. The other main solvents already reported®®”
are summarized in Table 2-1. Further difficulties exist in the preparation of
large single crystals, even when BaCuQO,-CuO was used as a solvent, because
the primary crystallization field of 123, bounded by the one peritectic line
and the two eutectic lines, is very narrow in composition and also as
regards temperature. All compounds except for 123 easily solidify in such
a narrow composition range, and consequently, the growth of large 123
single crystals can not occur.

In addition to the restriction of choosing the adequate solvents, the
growth process is hampered by the pronounced reactivity of the melt with
most crucible materials, which tends to contaminate the growth of 123

crystals. Thus, the choice of crucible materials is very limited.
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The separation of crystals from the residual solution is another important
problem. Since 123 crystals have almost the same chemical reactivity with
extraction reagents as with solvent materials, no regent has been found
which will enable chemical separation of 123 crystals from a solvent.

In the present experiments, various attempts have been made to overcome
these problems. The concentration of 123 in a solution was systematically
varied to determine the most suitable composition for growth. We also
checked the contamination of a melt from crucible materials. Many types
of separation techniques of 123 crystals from the residual solution were
also tested. Eventually, we succeeded in obtaining thick, large and high-

quality 123 single crystals with developed habits.
2.2 Experimental
2.2.1 Choice of solvent

Various self-flux systems of Y,0,-BaO-CuO were tested, and finally,
the flux composition 7BaCuQ,-11CuQ, which shows the lowest eutectic
point of 915°C, was adopted. The six main compositions used in the pseudo-
binary system are indicated by arrows in Fig. 2-2.

Typical growth \conditions were determined as follows: powders of
Y,0, (99.99%), BaCO, (99.99%) and CuO (99.99%) were mixed in an
agate mortar with acetone added to facilitate mixing. After the powders
were dried, the mixture, packed into an aluminum crucible, was heated to
1050°C in a furnace and soaked for 24 h in air. Then, the temperature was
lowered at a rate of 0.5°C/h. In several runs, the separation of crystal
grains from the remaining solution was performed at 970°C as described in

detail in a later section. The separated crystal grains were then cooled
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slowly to room temperature.
2.2.2 Crystal growth

After determination of the optimum composition of the solvent, as well
as the concentration of the nutrient, preparation of 123 single crystals was
carried out. To minimize the soaking time for reducing possible crucible
corrosion, starting materials were presynthesized 123 powders and preheated
BaCuO,-CuO mixtures, which were prepared from powders of Y,0,, BaCO,
and CuO with a 99.99% purity. The mixtures were placed in yttrium crucibles
or, in some cases, aluminum crucibles. The typical procedure consisted of
heating the furnace from room temperature to 1050°C, and soaking at this
temperature for 24-72 h in air. According to the phase diagram of Dembinski
et al.,’” compositions No.1 to 5 in Fig. 2-2 lie in a two-phase region of
Y,BaCuO, (211) and liquid during the soaking period. The mixture was
cooled at a rate ranging from 1-0.5°C/h and when the mixture reached a
temperature between 1010 and 980°C, below the peritectic line, three phases,
123, 211 and liquid appeared with the assumed peritectic reaction of the
solid and the liquid phase. The temperature was maintained in this range
long enough for the reaction to progress, and at 970°C, the crystal grains
were separated from the remaining solution. The residual crystals in the
crucible were cooled to room temperature at a rate of about 50°C/h.

It should be noted that large crystals were grown in the Y,0, crucibles,
whereas much smaller crystals were obtained in the ALO, crucibles,
especially in the regions near the crucible walls. The result suggests that
AL, has a tendency to dissolve into the self-flux systems and to obstruct

the growth of 123 crystals.
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2.2.3 Control of spontaneous nucleation

Most of the crystals obtained were rather small in size, since
multinucleation was assumed to have occurred. To prevent spontaneous
nucleation, we controlled the temperature gradient in the crucibles and
experimented with the addition of seed crystals. Figure 2-3 shows a typical
temperature gradient in the 100 m1i crucible heated in a muffle furnace. The
temperature gradient was induced by cooling the crucible wall, where the
temperature of the right side was lower by 7-10°C than that of the left. The
gradient was controlled by changing the diameter of the hole bored into the
right side of the furnace wall by about 10 mm?>.

Seeding was performed to reduce spontaneous nucleation which might
be enhanced by the roughness of the crucible wall. The procedure was as
follows: the mixture in the Y,0, crucible was heated from room temperature
to 1050°C in air and was soaked for 24 to 72 h. Seed crystals, which were
preheated in the furnace, were quickly placed into the crucible, and the
mixture was rapidly cooled to 990°C to prevent dissolution of the seeds.
The mixture was held for 5 to 10 days, and then, the temperature was

lowered at a rate of 0.5°C/h. At 970°C, the remaining solution was separated.
2.2.4 Separation of crystals from solution

Three methods of separation were tested. In the first method, the residual
solution was drained through holes bored in the bottom of the crucible
(Fig. 2-4(a)). Various sizes and numbers of holes were used. In the second
method, a porous ceramic bar was dipped into the crucible to absorb the
residual solution, and then withdrawn, (Fig. 2-4(b)), as reported by Boutellier

et al.® These techniques were found to be not very convenient for crystal-
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solution separation because a considerable amount of residual solution still
remained in the crucible.

In the third method, the hot crucible was quickly removed from the
furnace and the grown crystals were separated from the residual solution
by decanting as shown in Fig. 2-4(c). This is the simplest and most successful
method for separation. This method, however, resulted in a large thermal
shock to the crystals, and the as-grown crystals tended to crack, especially
when the crystal size was large as shown in Fig. 2-5. Therefore, the
decantation method was improved by inclining the crucible in the heating
furnace, and then by reducing the temperature of the furnace very slowly.

As a consequence, the number of cracks could be reduced.

2.2.5 Oxygen nonstoichiometry

Oxygen annealing was performed at a temperature between 450 and
600°7 for 0.3 to 7 days under various oxygen pressures So as to increase
the oxygen content in the as-grown crystals. The content of oxygen was
determined by an iodometric titration under argon atmoshere. The unit cell
parameter was determined by the X-ray powder diffraction (XPD) method

using Cu Ko radiation with a graphite monochromator.

2.2.6 Anisotropic properties

The oxygen-annealed single crystals, which were large enough to allow
measurement of the resistivity along the a (b)- and c-axes, were adopted
for use with the Montgomery method which is one of DC four-probe
techniques. The resistivity change was measured as a function of the applied

external field (H) by flowing a current along or perpendicular to the c-axis.
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The temperature (T) dependence of the magnetic susceptibility (¥) was also
measured by a SQUID magnetometer at H of 0.3 or 1 T along or perpendicular
to the c-axis. The shielding effect was measured as follows: the specimen
was cooled down to 4 K in a zero field, then, H of 3.5 x 10* T was applied
and the y-T relation was measured as the temperature increased.

¥

2.3 Results and discussion
2.3.1 Crystal growth

We succeeded in synthesizing large 123 single crystals under the
conditions where the solid 211 phase and liquid phase coexisted. The
composition most conducive to producing large crystal was No.4 in Fig.2-2,
in which the ratio of 1/6 (123) to 1/25 (7BaCuQ,*11Cu0Q) equaled 3:7.
The established phase diagrams®® support the assumption that the growth
of crystals progressed with an aid of the peritectic reaction between 211
and the surrounding liquid phase,™ as indicated in the following equation.

Y,BaCuO, (solid) + 3BaO (liquid) + 5Cu0 (liquid) + (x-6.5)0,

<—> 2YBa,Cu,0, (solid) Q.1
The results of analysis performed by using electron probe microanalyzers
(EPMA) show that the residual materials remaining on the crystal surfaces
contain only a small amount of Y, and that an actual 211 phase did not
exist in the 123 single crystals when the mixture was held at temperatures
between 1010 and 980°C for a sufficient period of time. This result is an
evidence for the completeness of the reaction during the 123 growth.

In the present experiment, we determined conditions of the temperature
gradient in the crucible which prevented spontaneous nucleation (Fig. 2-3).

The gradients higher than those indicated in Fig. 2-3 resulted in the production
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of smaller crystals. On the other hand, the lower gradients were not effective
for suppressing multinucleation. The largest single crystals, existing at the
corner of the crucible bottom, had shiny flat surfaces with maximum
dimensions of 4.3 x 4.3 x 3.6 mm® which correspond to orthorhombic a (or
b) x b (or a) x c axes (Fig. 2-6).

In the next stage, we attempted to prepare large crystals using seed
crystals, and found that the growth was facilitated by the use of the seed
which was carefully cast in a solution at an optimum temperature after
soaking. Because of the opaque properties of the high-temperature solutions,
the identification whether crystal growth or dissolution occurred was difficult
directly with the naked eyes. Thus, experiments were carried out using a
trial-and-error method technique to determine the soaking, seeding and
decanting temperatures. They were carefully conducted in this study in the
same manner as those already described in Section 2.2.3. As a result of
these attempts, the largest single crystal was found to exist at the center of
the crystal cluster. Figure 2-7 shows the as-grown crystal with well-developed
habits and a maximum thickness of about 7 mm along the c-axis.

Typical polyhedral crystals have shiny flat surfaces of {1 0 0} and {0 0
1}, and some single crystals are surrounded by {1 00}, {001} and {09
10} surfaces as shown in Fig. 2-8. Until now, most of the prepared 123
single crystals”®* have had a small aspect ratio. As shown in Fig. 2-9,
single crystals having aspect ratios larger than unity are often present among
the crystals. Similar thick crystals along the c-axis have been obtained by
Sadowski and Sheel,” Wolf ef a/* and Schonmann et al*® The platelet
shapé of 123 single crystals suggests rapid growth or dendritic growth
toward the a- or b-axis due to supercooling with no indication of their
"stratified" structure.

In addition to these studies, we also investigated the usefulness of the
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following solvents for growing large 123 crystals. The solvent compositions
were 7BaCuQ,*11CuO including 5 mcl% of NaF, NaCl, KF, KCI, BaF,,
B,0,, V,0;, PbO, Bi,0,, NaOH and KOH. However, none of these solvents

could obtained successful results.
2.3.2 Characterization

The compositional distribution of the constituent metal atoms on the
cross section along the c-axis was determined by EPMA. The data supports
the finding that the crystals are very homogeneous in Y, Ba and Cu along
the c-axis as shown in Fig. 2-10. After determination of the oxygen content
in the crystals, we found that the as-grown crystals were not fully oxidized
and application of more than 1 atm of oxygen pressure was necessary to
increase the oxygen content to the stoichiometric level. Table 2-2 lists the
annealing conditions and the results which are described as a change in the
unit cell parameters or oxygen contents.

The as-grown single crystals showed high resistivity, whereas the
annealed single crystals showed low resistivity with a sharp superconductive
transition at 91 K as seen in Fig. 2-11. It became clear that oxygen annealing
resulted in both an increase in the superconducting onset temperature and a
sharp transition. The temperature dependence of the resistivity was found
to be metallic in the a (b)- and c-directions. This behavior agrees with the
results reported by Iye et al.?® and Ito et al.,* but is different from those of
Tozer et al.,” and those on La, Sr.Cu0,** or on Bi,Sr,CaCu,0 ,*” where
the values of p,, were metallic but those of p, were semiconductive near T.
Ito et al.*® has discussed the origin of the metallic conduction along the
c-axis in 123 and suggested that such a behavior was attributable to the

exceptional crystal structure of the oxide superconductors, where -Cu-O-
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Cu-O- sequences were realized along the c-axis.

To certify the uniform distribution of oxygen in annealed crystals, two
types of experiments were conducted. In the first experiment, a crystal was
gradually polished parallel to the c-plane, and the o -T relationships were
subsequently measured on the polished surfaces. No apparent change was
observed in the o -T curves between the as-annealed and polished planes.
In the second experiment, an annealed crystal was cut perpendicular to the
ab- and c-planes; into nine pieces of equal size. The temperature dependence
of x was measured for each piece, and sharp transitions at 91 K with the
same diamagnetic contributions were found in all specimens. These findings
lead to the conclusion that O,-annealed crystals are homogeneous as regards
oxygen content. '

The temperature dependence of y of the annealed 123 crystals showed
a weak paramagnetism in the normal state, as shown in Fig. 2-12. For both
directions of the applied field, paraliel and perpendicular to the c-axis,
apparent diamagnetism was observed just below T_, which confirmed the
occurrence of the superconductivity. The saturation values of the diamagnetic
suscéptibility at low temperature were evaluated to be about 190% of the
perfect diamagnetism for H applied along the c-axis (i.e., perpendicular to
the CuQ, plane), and about 130% for H applied perpendicular to the c¢-axis.
These excessively high values in ¥ aru attributed to the demagnetization
effect of the specimen, i.e., the actual field which existed around the sample
is much larger than the applied field. The difference in the demagnetization
effect for each field direction is consistent with the shape of the sample
examined; the crystal is slightly flattened over the ab-plane.

As shown in Fig. 2-12, both the sharpness of the magnetic transition at
T, and a value of the diamagnetic susceptibility between 4 and 80 K,

guarantee the high quality of the single crystals,*”*® indicating a homogeneity
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as regards oxygen content.

The H applied parallel to the c-axis, i.e., perpendicular to the CuO,
plane, caused a remarkable broadening of the resistive transition, whereas
the effect of the magnetic field for the transition was smaller when H was
applied perpendicular to the c-axis, as shown in Figs. 2-13 and 2-14. This

result has a close resemblance to those obtained in La, Sr CuO, single

27 x
crystals®® the transition widths depend not on the current direction, but
on the direction of H relative to the c-axis. If the resistivity is measured by
flowing the current along the c-axis and perpendicular to it, the Lorentz
force exerted on the fluxoid lines by the current should be zerc and maximum,
respectively. These facts lead to the conclusion that the Lorentz force is not
always an origin of the broadening mechanism of the transition region
under the magnetic field. Thercfore, this phenomenon should be interpreted
in terms of the rather direct effect of the magnetic field on some anisotropic
factor.

As shown in Fig. 2-15(a), the slope of the x-T curve for H=0.3 T
applied along the c-axis, decreases as the temperature approaches 4 K. This
indicates that the lower critical field (#,) approaches H=0.3 T in this
temperature range. On the other hand, no decrease is found in the slope of
the curve for H applied perpendicular to the c-axis, as shown in Fig. 2-15
(b). These observations lead to the following conclusion that H, of 123 for
H applied along the c-axis, is much larger than that for H applied
perpendicular to the c-axis. The first deviations of the y-T curves from
nearly zero susceptibility above T, occur at the applied H, becoming the
H_, of these temperatures, in Figs. 2-16(a) and 2-16(b). These H ., values
agree well with those obtained from the p-T curves in Figs. 2-13 and
2-14.
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2.4 Summary

Large isometric single crystals of oxide supercoﬁductor 123 have been
successfully grown from a mixed region of the solid 211 and the melt
phase. The crystals had sharp, shiny habits with a maximum thickness of
about 7 mm along the c-axis. The best growth conditions were determined
for obtaining large single crystals, where the solvent composition was
7BaCu0O,-11CuO which is close to the binary eutectic of BaCuO,-CuO,
and the optimum concentration of the growth system was in the ratio of 1/6
(123) to 1/25 (7BaCuQ,+11Cu0) of 3:7. The use of the Y,0,-crucible
which is expected to be free from the contamination of impure metals from
containers due to heating was found to result in the production of crystals
of the highest purity. Both the introduction of the temperature gradients
and the use of seed crystals were essential for controlling nucleation.

The oxygen-annealed crystals showed a sharp superconductive transition
at 91 K. The temperature dependence of the resistivities was found to be
metallic both in the a (b)- and c-direction, and was very different from
those of other oxide superconductors such as La, SrCuO, and
Bi,Sr,CaCu,O,. Sufficient shielding was observed both in the sharpness of
the transition at T, and in the required value of the diamagnetism at low
temperatures below T.

The marked anisotropy is observed in the transition region in the
resistivity (p)-temperature () curve under the applied magnetic field parallel
or perpendicular to the c-axis. It becomes clear that the transition width
depends not on the direction of the transport current but on the direction of
the applied magnetic field. A remarkable broadening of the resistive transition
is observed when the magnetic field is applied perpendicular to the CuO,

plane. These phenomena should be interpreted in terms of some anisotropic
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factor without any Lorentz force, as those obtained in La, Sr,CuQ, single
crystals. /

The anisotropic behavior in the susceptibility ()-temperature (T) curve
is also apparent between the applied magnetic field parallel and perpendicular
to the c-axis; a large diamagnetism is observed when the magnetic field is
applied along the c-axis and vice versa. This large value is attributed to the
complete demagnetization of the specimen, i.e., the actual field seen by the
sample is much larger than the external magnetic field. Comparison of the
anisotropic temperature dependence of the upper critical field which is
observed in the p-T and }-T curves, shows excellent agreement. The slope
of the ¥-T curve for H=0.3 T applied along the c-axis decreases as the
temperature approaches 4 K. This indicates that the lower critical field
(H_,) approaches H=0.3 T in this temperature range. On the other hand, no
such decrease is found in the slope of the curve for H applied perpendicular
fo the c-axis. These can be reasonably explained in terms of anisotropy in

penetration of the magnetic field to the superconductive 123 crystals.
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Table 2.1.Reported solvents other than BaO-CuO for the growth of
YBa,Cu,O, and prepared crystal size

<Successful solvents>

Solvent Crystal size (mm)
aforb)xb(ora)xc
PbO-B,0, 2x2x0.03
B,O, 2x1.5x0.1
In,O, 2-5x2-5x0.2-0.5
BaF, 2x2x0.3
K,CO, 3x3x15
NaCl-KCl 5x4x3

<Unsuccessful solvents>

Li,CO,, Na,CO,, K,CO,, K,CO,-K,B,0,, K,B,0,, KOH, KCl, KCI-B,0,,
KCI-K,B,0,, BaB,0,, BaO,, BaF,, BaF,-KF, BaCl,, BaClL-BaO, KF, KF-
NaF-K,B,0,, KF-B,0,, KF-B,0,-TiO, KF-BaO, KF-BaO-B,0,, PbO,,
PbO, PbO-PbE,, Bi,O,, MoO,, Li,Mo0O,, PbO-PbF
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Table 2.2.0xygen-annealing effect on the oxygen concentration and the

unit cell parameters of YBa,Cu,0, single crystals

\«

Partial pressure Temperature Annealing Oxygen Unit cell parameters

of O, duration content a, b, ¢,
(atm) (°0) (days) () (nm)

0.2 (As-grown) —— —_ 6.76 0.3825 0.3888 1.1711
1 550 7 6.87 0.3820 0.3892 1.1689
5 550 7 7.00 0.3819 0.3890 1.1680
350 600 0.3 7.02 0.3818 0.3887 1.1690
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Fig. 2-8. SEM photographs of typical polyhedral YBa,Cu,O single crystals

The longitudinal direction is along the c-axis.
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Fig. 2-9. A SEM pliotograph of YBaZCu3O_; single crystal which has an
aspect ratio much larger than unity. The lorigitudinal direction is

along the c-axis.
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Chapter 3. Crystal Growth Mechanism of YBa,Cu,O, Single Crystals

from a Coexisting Region of a Solid with a Melt

3.1 Introduction

Large, isometric and high-quality single crystals of YBa,Cu,0O, (123),
which are undoubtedly one of the most important materials to understand
the mechanism of high-temperature superconductors, are in great demand
and numerous trials have been carried out so as to satisfy this demand. The
crystals which have commonly been prepared from high-temperature
solutions are thin plates with small aspect ratios (thickness/diameter)."2¥
Wolf et al® and Schénmann et al*® have prepared single crystals with a
thickness of up to 2 mm by very slow cooling of the solution to 970~960°C.
On the other hand, we succéeded in synthesizing large isometric 123 single
crystals with a maximum thickness of about 7 mm along the c-axis under
the conditions where the solid Y,BaCuQO, (211) and the melt phase existed
together. At temperatures below the peritectic point, the reaction proceeds
so as to form the 123 layers on the surface of 211 particles as shown in Eq.
(2.1). We think that growth of the crystals progressed due to the peritectic
reaction (2.1) between 211 and the surrounding melt phase.” The utility of
such a crystallization technique from solid-melt mixtures will increase
because of its easiness in obtaining large, single crystals of metastable or
unstable materials at high temperatures. However, the growth mechanism
has yet to be clarified.

This chapter describes the 123 crystal growth mechanism due to the
peritectic reaction, which was investigated using a quenching technique.
Discussions were carried out in terms of the Ostwald ripening mechanism

on the growing interfaces under the coexisting conditions of the solid and
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the surrounding melt.
3.2 Experimental

The solid-melt mixtures were prepared according to the same method
as that described in Section 2.2.2. Starting materials of 123 powders and
7BaCQO,-18Cu0 mixtures were prepared from the reagent powders of Y,0,,
BaCO, and CuO with the 99.9% purity by sintering. They were packed
into five aluminum crucibles, which were buried in bubbled ZrO, to minimize
the differences in their temperatures, as shown in Fig. 3-1. The typical heat
treatment was: heating the furnace from room temperature to 1050°C, and
soaking at this temperature for 6~12 h. According to the phase diagram of
Dembinski et al.,* this condition lies in a two-phase region of the solid
211 and the melt. The mixtures were cooled in the range 1~0.5°C/h, when
the mixtures reached a temperature below the peritectic line, three phases,
123, 211 and the melt appeared under the predescribed peritectic reaction
(2.1). To observe the growing interfaces of the solidifying 123 phase, as
well as the composition changes, the samples at various temperatures between
1050 and 900°C were quenched by dropping the samples int.o liquid N,. To
observe the microstructures, the samples were embedded in resin and polished
in to a fine surface finish using 1 um diamond paste, and finally, carbon
was coated by evaporation over the entire surface. The microstructures of
the cross section at several different positions in the samples were observed
using a polarized optical microscope and an electron probe X-ray
microanalyser (EPMA). The samples were powdered and a phase
identification was made using the X-ray powder diffraction method. The

experiments were all carried out under atmospheric conditions.
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3.3 Results and discussion

Changes in the X-ray powder diffraction patterns at different quenching
temperatures are shown in Fig. 3-2. The main peaks correspond to the 211
phase at 1010°C, indicating that the condition lies in the two-phase region
of the solid 211 and the melt. The weak peaks existing in all the X-ray
diffraction patterns are BaCuO, and CuO. They are coensidered to be formed
by quenching, because the intensity of these peaks is constant for all
quenching temperatures between 1010 and 970°C. When the mixtures
reached 980°C, the diffraction pattern of the 123 phase appeared, which is
supposed to be formed by the peritectic reaction (2.1) of 211 and the
coexisting melt phase. As the temperature was lowered to 970°C, the peak
intensity due to the 123 phase increased, whereas that of the 211 peaks
decreased. These results indicate that the growth of 123 crystals is controlled
due to the progress of the peritectic reaction (2.1).

Observations of the interface regions of the 123 phase quenched at
various temperatures lead to the following results: as the temperature was
lowered to the peritectic point, the content of the mixtures changed from a
two-phase region of the 211 particles and the melt to a three-phase region,
the nuclei of 123, the 123-coated 211 particles and the melt. The 123
phases, whici: were formed by the peritectic reaction (2.1), have rough
surfaces of about 10 wm in thickness or diameter, as shown in Fig. 3-3(a).
The diffusion feature of the yttrium ingredient to the surrounding melt was
observed by its concentration mapping, as shown in Fig. 3-3(b). The gray
grains and black matrices are defined as 123 and the melt, respectively. It
should be noted that the diffusion feature was almost completely independent
of the interfacial condition between the solid and the melt, because the

uneven signal intensity was observed on the polished flat surface, as shown
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in Fig. 3-3(b). Fig. 3-4( a) shows an X-ray reflection mapping with Y-
concentration on the sharp, faceted 123 crystals formed on the 211-melt
interfaces. Fig. 3-4(b) represents a background reflection of Y which was
obtained from a carbon-coated resin prepared under the same condition as
the specimen. It is clean that the signal intensity of the melt (liquid phase)
in the specimen is 5~20 times stronger than that of the rdgion, indicating
that the dissolution and diffusion of Y into the melt apparently occur at the
peritectic condition. Figures 3-5(a), 3-5(b) and 3-5(c) show the diffusion
features of the yttrium, barium and copper contents from the 123 phase
having an acute angle or a small curvature radius to the surrounding melit
and Figures 3-6 is the illustration. The figures reveal the active diffusion of
these contents from the top of the acute angled phase to the melt. This
means that the phase of the 123 compound dissolves and diffuses from the
position of the higher interface free energy of the solid.

It is normal to consider that the formation of the 123 peritectoid around
211 particles reduces the reaction rate because the diffusion velocity of the
reactant through the solid peritectoid is generally very low, and this situation
is thought to be very unfavorable for growing the 123 crystals. The present
observations suggest that the reduction of the peritectic reaction (2.1) is
overcome by a large solubility of the 123 peritectoid to the surrounding
melt, as shown in Fig. 3-7(a). In addition to this, the Ostwald ripening
mechanism should act during this situation, where small particles tend to
disappear and large ones become more large. Therefore, the 123 peritectoid
formed on the small 211 particles are peeled off and the reaction from 211
to 123 progresses. On the other hand, the 123 crystals, possessing flat
surfaces, have a high ability to gather the nutrient molecules of 123, as
shown in Fig. 3-7(b).

The driving force for the volume diffusion of the Ostwald ripening has
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the following Gibbs-Thomson's effect:

cr) _4A

log, 7 (3.1)
_2pV

A= *T (3.2)

where C(r) and C(e) are the concentrations of the liquid that are in equilibrium
with the particles having the radii » and oo, A the activation energy for the
Ostwald ripening, s the surface free energy, V the molecular volume, R the
gas constant and T the temperature. C(es) becomes minimum in the growing
interfaces of the solidified 123 phase in three-phase region, 123, 211 and
the melt. As the temperature increases to 1000°C, s decreases and becomes
very small, and T has a sufficiently high enough value. Therefore, A in Eq.
(3.2) is very small in a high-temperature solution, and the diffusion layers
whose thicknesses are d and d' are formed at the interfaces of the particles
having r and o radii, respectively. The layers are supposed not to be the
rate limiting stage of growing the 123 crystals, as can be seen in Fig. 3-8.
Typically the single crystals obtained have shiny flat surfaces of {1 0
0} and {0 O 1}, or are surrounded by {1 0 0}, {00 1} and {0 9 10}
surfaces, as shown in Fig. 2-8. In accordance with the anisotropy of the
surface free energy, the sharp corners, which have a small curvature, tend

to act as a growth site, and the {0 9 10} surfaces appears.
3.4 Summary

The crystal growth mechanism of 123 from a mixed region of the solid
211 and the melt was investigated regarding the quenched samples between

1050 and 900°C using a polarized optical microscope, EPMA and the

X-ray powder diffraction method. The observations of the growing interfaces
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of the solidified 123 phase in the three-phase region revealed diffusion of
the 123 phase to the surrounding melt, and consequently, the Ostwald
ripening mechanism plays an important role for growing 123 crystals on
the solid-melt interfaces. These facts support the idea that the growth of
123 crystals progresses due to the peritectic reaction between the solid 211

phase and the surrounding melt.
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Fig. 3-1. Arrangement of the crucibles in a muffle furnace for preparation

of solid-melt mixtures due to the peritectic reaction.
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Fig. 3-2. Changes in the X-ray powder patterns of YBa,Cu,0,-7BaCuQO,-
11CuO mixed phase as a function of the quenching temperature.
An increase in the diffraction peak intensity of the YBa,Cu,0,

phase can be observed as the temperature is lowered.
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Fig. 3-3. Observations of the solidified YBa,Cu,O, phase at 980°C due to
| quenching. (a) Mi,croétructures‘ of YBa,Cu,O_layers, WHich were
formed due to the peritectic reaction. (b) Yttrium concentration
mapping image of the\same'specimen as (a). The phases are
labeled as follows: 123: YBa,Cu,0,, 211: Y,BaCuO,
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Fig. 3-4. Yttriuin concentration mappihg images of (a) the growing interface
i of the YBa,Cu,0, single crystal and (b) the background. The
~ phases are labeled as follows: 123: YBa,Cu,0,, 211: Y,BaCuO,;
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Fig. 3-5. Diffusion features of (a) yttrium, (b) barium and (c) copper contents
from the top of the Y¥Ba,Cu,O, phase to the ambient melt. The
phases are labeled as follows: 123: YBa,Cu,0,, 211: Y,BaCuO;
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Fig. 3-6. llustration of the diffusion features from the top of the YBa,Cu,0,

phase to the ambient melt. The phases are labeled as follows:
123: YBa,Cu,0,, 211: Y,BaCuO,
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Fig. 3-7. (a) Illustration of a formation of the YBa,Cu,O, layer due to the
péritectic reaction. (b) Illustration of the Ostwald ripening
- mechanism. The phases are labeled as follows: 123: YBa,Cu,0,,

211: Y,BaCuO | B

— 49—
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Chapter 4. Influence of Growth Condition of Solid-Melt Mixtures on
Flux Pinning in YBa,Cu,0O_Single Crystals

4.1 Introduction

The critical current density (J; ; is important both for fundamental studies
of superconductivity and for practical applications. Impurities and defects
increase the current carrying ability of superconductors. For YBa,Cu,0,
(123) single crystals, several kind of defects such as, point defect,’™*®
dislocation,” twin boundary**** and grain boundary**** have been identified.
In the vortex state of type-II superconductors, a supercurrent can flow
without resistance in the presence of a high magnetic field below a threshold,
the upper critical field (H_). Below H, as the external field partially
penetrates into the superconductors, it forms magnetically and elastically
flexible flux lines which are usually quantized with normal cores. The
transport supercurrent interacts with the flux lines and generates a Lorentz
force which tends to push the flux lines away from equilibrium position.
Such a phenomenon called “flux flow” generates an electric field in the
superconductors, and the material becomes normal. In type-II
superconductors, various crystal defects inevitably exist and interact with
flux lines, preventing them from flowing. Flux pinning is usually a term to
characterize such a flux line-defect interaction. Obviously, the strong the
flux line-defect interaction enhances the pinning effect, and thus, a high /|
value is produced.

To understand the pinning mechanism and achieve high J_ for practical
applications, we synthesized the 123 single crystals from various conditions
of the solid 211 and the melt existed together. In this chapter is focused on

the relationship between the critical current behavior and the crystal defects.
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4.2 Experimental

4.2.1 Crystal growth from various conditions of solid-melt mixtures

The concentration of 123 in the solution was systematically changed
with the ratio of 1/6 (123) to 1/25 (7BaCuQ,+11CuQ) between 3:7 and 6:4.
Under these conditions, 123 single crystals were grown from the coexisting
region of the solid 211 phase with the melt according to the phase diagram.*”
The typical heat treatment was carried out, as described in Section 2.2.2.
Oxygen annealing was carried out at 550°C for a week under oxygen
pressure of 5 atm so as to increase the oxygen content in the as-grown
crystals. The content of oxygen was determined by an iodometric titration
under argon atmosphere. The microstructures of cross section were observed

using a polarized optical microscope, a SEM-EPMA and a TEM
4.2.2 Magnetization

Measurcments of magnetization were made between 5 and 80 K under
the external field H //c using a magnetometer with a superconducting quantum
interference device (SQUID, Quantum Design model MPMS), where the
external magnetic fields up to 5.5 T were used. Samples were cooled to a
desired temperature in a zero magnetic field. A scan length of 3 cm was
provided a field uniformity of <0.05% during the measurements. A target
temperature was stabilized to within £0.05 K.

For the measurements of magnetic relaxation, the sample was cooled to
a desired temperature in a zero field, the external magnetic field was raised

to 5 T, and then lowered to 1 T, and the isothermal magnetization M as a
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function of time was recorded over a period ranging from 25 to 20600 s.

4.3 Results and discussion

We succeeded in synthesizing the 123 single crystals from the mixtures
whose compositional ratios of the solid 1/6 (123) to the melt 1/25
(7BaCuQ,211Cu0) were 3:7, 4.5:5.5 and 6:4. The cross sections
perpendicular to the c-axis were inspected under the optical microscope
and SEM. Figures 4-1, 4-2 and 4-3 show that the number of voids increased
as the concentration of melt phase decreased. The compositional distribution
of the constituent metal atoms on the cross sections was determined by
EPMA and TEM. The data supported the findings that the crystals were
very homogeneous in Y, Ba and Cu, and that an actual 211 phase did not
exist in the 123 single crystals when the mixture was held at a temperature
between 1010 and 980°C, below the peritectic line, for a sufficient period
of heating. These results are evidence of the completeness of the reaction
during 123 growth.

In the three phase region, the liquid phase plays an important role for
growing the 123 crystals. At a temperature below the peritectic line, 123,
211 and the melt appeared under the presumed peritectic reaction of the
solid and the melt phase. Then, the nutrient of 123 was supplied to the
crystals through the melt phase. Decreasing the melt composition caused
an insufficient supply of nutrient to the crystals, and consequently,
imperfectly flat surface would be made.

The quality of single crystal specimens is normally evaluated by y-T
curves.”*® As shown in Fig. 4-4, sufficient shielding in a field of 1.0x10?
T was observed in both the sharpness of the transition at T, and the

c?

required value of the diamagnetism at low temperature below T, guarantees
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the homogeneity of the crystals in an oxygen content. The Meissner fractions
which is an index for a strong flux pinning force increased as the melt
composition decreased.

Figure 4-5 shows hysteresis loops measured in the temperature range
10~80 K with H//c. The width of the loops increased as the melt composition
decreased. Fishtail hysteresis loops were observed in the range 20~70 K,
especially in the crystal which was grown from a solid-to-melt ratio of 6:4.
The peak of fishtail hysteresis loops shifted to a high magnetic field as the
temperature increased.

J, depends on both the width of loop and sample dimension according
to the Bean model.” We used the formula™ ,

J=40M, /L, 4.1)

where M,_is one-half the width of loop at a given field. L=L [1-(L,/3L,)] is
a characteristic lateral dimension, where L, and L, (L,<L,) are the length of
the sides in a rectangular crystal with the magnetic field applied perpendicular
to that face. Figure 4-6 shows J_measured in the temperature range from
5~80 K with H//c, representing that J_ increased as the melt composition
decreased. The J_ value at 5 K in a field of near 0 T of the samples from the
solid-to-melt ratios of 3:7, 4.5:5.5 and 6:4 were 9.7x10’, 2.9x10°% and 3.6x10°
A/cn??, respectively. The irreversibility line at 80 K shifted to a high magnetic
field as the melt composition decreased.

Figure 4-7 shows a semilogarithmic plot of the temperatitre dependence
of J. at 1 T. An approximately exponential decrease of J_ with T was
observed for 7<50 K, and followed by a more sharp reduction at higher
temperatures. This is consistent with many earlier reports.”*’” The key
observation about these data is that the relative values of J_ were enhanced
with a decrease in the melt composition in 3-times at 5 K and 10-times at
80 K.
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Effective pinning energy U can be estimated from the measurements of

magnetic relaxation”
dM/dt=(B axa[2 mr)exp(-U/T), 4.2)
where B is the magnetic induction, @ is the attempt frequency for vortex
hopping, a is the hopping distance, r is the sample radius, and the energies
are measured in K. Solving for U(J) gives
U(J)=-T(InldM/d1\-C), 4.3)
where C=In(Baa/27r). In this work, we determine the C value by fitting
the measurements of magnetic relaxation, so as to give the most smooth
and continuous curves at low temperatures. This criterion gave the value
C=19 for the three samples. The temperature scaling function G of U"*" is
chosen as
G(D=[1-(T/T )", (4.4)

where T,=92.5 K. Figure 4-8 shows the curves of U{/ ,T)=U(J))/G(T)
calculated from the measurements of magnetic relaxation. Each segment
represents the data collected at a given temperature. The lowest temperature
is located on the high J side. As the temperature increased, the J values
decreased and U(J,T) values increased. We found good enhancement of the

value of U(J,T) with a decrease in the melt composition.
4.4 Summary

We synthesized 123 single crystals from the mixtures whose
compositional ratios of the solid 1/6 (123) to the melt 1/25 (7BaCu0O,+11Cu0O)
were 3:7, 4.5:5.5 and 6:4 and focused on the relationship between J_ and
the crystal defects. In the cross section of the three 123 crystals, the number
of voids increased as the melt composition decreased . Sufficient shielding

in a field was observed in both the sharpness of the transition at T, and the
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required value of the diamagnetism at low temperature below T, guarantees
the high quality of the three crystals that are uniform in the 123 phase. The
Meissner fractions, the magnetic current density and the effective pinning

energy were greatly enhanced as the melt composition <lecreased, indicating

a strong flux pinning force.
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Fig. 4-1.. (a) Cross sections perpendicular to the c-axis of a YBaZCu:,Ox |

| _singlé crystal which was grown from the mixture whose
 compositional ratio of the solid 1/6 (123) to the melt 1/25
-(7BaCuOZ-1 1CuO) was 3:7 and (b) its magnification.

— 57—



JAERI-Review 96-006

AL

s Hasge
uu‘}..ﬁ!“

SR
T e
PR VTS N

A

Fatay A
SAF ATy e
2 Gar EHne L

Fig. 4-2. (a) Cross sections perpendicular to the c-axis of aVYBaZCuBOx‘
single. crystél which was grown from the mixture whose
compositional ratio of the solid 1/6 (123) to the melt 1/25
(7BaCuOZ-11‘CuO) was 4.5:5;5’ and (b) its mag‘niﬁvcat'ion. ) o
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Fig. 4-3. (a) Cross sections Iﬁerpendicular to the c-axis of a YBa,Cu,O,

single crystal which was grown from the mixture whose

- compositional ratio of the soiid 1/6 (123) to the melt 1/25
(‘7BaCuOZ-1 1CuO) was 6:4 and (b) its magnification.
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the three kinds of YBa,Cu,O,_ single crystals which were grown
from the mixtures whose compositional ratios of the solid 1/6
(123) to the melt 1/25 (7BaCuQ,+11CuQ) were 3.7, 4.5:5.5 and
6:4. Magnetic field of 1.0x10°T was applied along the c-axis.
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Fig. 4-5. Magnetization hysteresis loops of the three kinds of YBa,Cu,0,
single crystals which were grown from the mixtures whose
compositional ratios of the solid 1/6 (123) to the melt 1/25
(7BaCu0,*11Cu0) were 3.7, 4.5:5.5 and 6:4. Magnetic fields up
to 5.5 T were applied along the c-axis in tﬁe. temperature range
10~80 K.
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Field dependence of the critical current densities of the three

kinds of YBa,Cu,O, single crystals which were grown from the

mixtures whose compositional ratios of the solid 1/6 (123) to the
melt 1/25 (7BaCuQ,11Cu0) were 3:7, 4.5:5.5 and 6:4. Magnetic

fields up to 5.5 T were applied along the c-axis in the temperature

range 10~80 K.
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Magnetic field of 1 T was applied along the c-axis.
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Chapter 5. Effect of Twin Boundaries on Flux Pinning
in YBa,Cu,0, Single Crystals

5.1 Introduction

Flux pinning in high-temperature superconductors is important both for
fundamental studies of superconductivity and for practical applications where
the superconductor must carry high electric currents in the presence of high
magnetic field. The increase in current is associated with the presence of
various crystalline imperfections such as point defect,”’*? dislocation,”

twin boundary***?

and grain boundary.”**® In particular, the effect of twin
boundaries on the critical current density (/) has been studied using various
techniques: magneto-optical flux visualization,**® Bitter decoration,”®*”

4
3839 magnetization*™*? and torque.**¥ These experimental studies

resistivity,
mentioned directly indicated the importance of twins for pinning. However,
there are difficulties for correct deiermining the relatively small contribution
of twin boundaries to J,, because well-defined twin free crystals were very
difficult to obtain. The contamination of impure cations with a different
ionic radius and valence from containers during grow‘fh has a great influence
on microstrains near twin boundaries.*® The detwinning processes in
YBa,Cu,0, (123) single crystals were carried out by applying uniaxial
stress at a temperature up to 600°C.**Y However the detwinned crystals
were twinned again when the oxygen annealing was performed without
uniaxial stress. Therefore, it is difficult to obtain perfectly detwinned crystals
which were fully oxidized. When the J, measurements are done in the
twinned and detwinned crystals, there is always the possibility of variations
in the density of both twin boundaries remaining and other defects, such as

impure cations and oxygen vacancies. These defects can mask the

_—69'—
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contribution of the twin boundaries.

In the present experiment, we succeeded in separating the effect of the
twin boundaries from that of other defects using magnetic studies in densely
twinned and perfectly detwinned domains in the same 123 single crystal.
The thermomechanical detwinning of the crystals was performed successfully
under inert atmoshere, which is effective for keeping detwinned statc
perfectly even after oxygen annealing was conducted. The use of the Y,0;-
crucible which is expected to be free from the contamination of impure
metals from cbntainers during growth was found to result in the production
of crystals with the highest purity. The sharp éuperconductive transitions at
T, which guarantees the crystal quality were nearly the same in the both
samples, indicating the concentration of point defect being the same
magnitude with low values. Here, we describe the effect of the twin boundaries

to J_ studied over a wide range of temperatures and magnetic fields.
5.2 Experimental
5.2.1 Thermomechanical detwinning

The 123 single crystals were grown from the coexisting region of the
solid 211 with melt, according to the same method as that described in
Section 2.2.2. The single crystal obtained was placed between a movable
and fixed plate of the detwinned device as shown in Fig. 5-1. The uniaxial
compressive stress along a(b) axis was applied through the movable plate
at 550°C under argon or air atmosphere. The detwinning process was observed
in situ under polarized optical microscopy.

Oxygen annealing was performed at 550°C for 7 days under 5 atm so

as to increase the oxygen content in the detwinned crystals. The content of
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the oxygen was determined by an iodometric titration under argon
atmosphere. The unit cell parameter was determined by the X-ray powder
diffraction (XPD) method using Cu Ko radiation with a graphite

monochromator.
5.2.2 Magnetization

Measurements of the magnetization were made for a set of temperatures
between 5 and 84 K, with an external field H//c using a SQUID magnetometer
of Quantum Design model MPMS. External magnetic fields up to 5.5 T
were used. Samples were cooled to a desired temperature in a zero magnetic
field. A scan length of 3 cm providing a field uniformity of <0.05% during

measurement was used. A target temperature was stabilized to within £0.05
K.

5.3 Results and discussion
5.3.1 Interaction between twin boundaries and crystal imperfections

The uniaxial compressive stress along the a (b)-axis was applied through
the movable plate at 550°C in air, and the detwinning occurred rapidly into
a complete single domain. However, when the applied stress was released
at this temperature, a domain structure of nearly the same pattern as before
reappeared again. Similar phenomena have been observed also in other
works.*® Even though when the crystal was cooled under load so as to
prevent it from returning to the twinned state, the twinning structure came
back during annealing for oxidation. These results suggest an existence of

a strong interaction between the twin boundaries and crystalline
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imperfections. The imperfections can be accumulated near the twin
boundaries due to the strong mechanical microstrains. To determine how
the deficit or extra oxygen atoms have an influence in such a phenomenon,
the thermomechanical detwinning of 123 single crystals was conducted
under an inert atmosphere before oxygen annealing. The sample was heated
in air at 6°C/h and uniaxial stress was applied at 550°C. After the optical
disappearance of the twin boundaries without the peripheral part of the
crystal, the air atmosphere is changed to argon. The 123 crystals transformed
from the orthorhombic to the tetragonal phase, and a single domain was
observed throughout the whole crystal area. The temperature was maintained
enough for the concentration of imperfcctions caused by oxygen atoms to
be homogeneous. Finally, the atmosphere was changed o air so as to
transform the 123 crystal into the orthorhombic phase. After a sufficient
enough time for the transformation to be completed, the sample was cooled
to room temperature at a rate of about 50°C/.

An oxygen annealed 123 crystal before and after the detwinning is
shown in Figs. 5-2 and 5-3. The images are optical micrographs taken with
polarized visible light in a reflect mode. Twin boundaries were observed
along the <1 1 0> direction in the whole area and in the comer before and
after the detwinned crystals, respectively, which are characteristic of the
crystals in the orthorhombic phase. The oxygen content of both annealed
crystals was x=7.00 with lattice parameters of @=0.3819 nm, 5=0.3890 nm,
and ¢=1.168 nm. The directions of the a and b axes were determined as
bisectors of the angle between the adjacent twin boundaries, 91.1 and 88.9
degrees, respectively, as shown in Fig. 5-4. We successfully divided into
densely twinned and perfectly detwinned domains in the same crystal by
cutting the corners approximately along the {1 O 0} planes using a wire

saw. The complete detwinning was confirmed using the polarized optical
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microscopy and the reciprocal lattice image taken by an X-ray precessinn
camera, as shown in Figs. 5-5 and 5-6. The twin structure was not restored
in the detwinned domain after oxygen annealing. The present
thermomechanical detwinning under inert atmosphere is thought to be allow
for a homogeneity in distribution of the imperfections caused by the oxygen
atoms which would be accumulated near the twin boundaries. These resuits
suggest a possibility of a strong interaction between the boundaries and

crystalline imperfections caused by the oxygen atoms.
5.3.2 Magnetization

The quality of single crystal specimens is normally evaluated by ¥-T
curves.”® As shown in Fig. 5-7, a sufficient shielding effect in a field of
1.0x10T was observed as regards both the sharpness of the transition at T,
and the required value of the diamagnetism at low temperature below T,
guaranteeing the high quality of twinned and detwinned crystals which are
homogeneous in oxygen content. The Meissner fractions decreased in
twinned crystal which implies the existence of a strong [lux pinning force.

Figure 5-8 shows the hysteresis loops measured in the temperature
range 5~84 K with H//c. The influence of the twin boundaries on the width
of hysteresis loops (AM) was found to change with temperature. In the low
temperature region, 7<20 K, AM of the twinned crystal had a smaller value
than that of the detwinned one. However, in the hi gh-temperatlire region,
T>60K, AM of the twinned crystal provided larger than that of the detwinned
crystal. These results implied that the presence of the twin boundaries
brought about by a reduction of the flux pinning force in low temperature,
but with an increase in temperature, the twin boundaries worked as strong

pins. The drastic changes in the shape of the hysteresis loops were observed
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in the intermediate temperature range 7=20~60 K. Remarkable fishtail
hysteresis loops were observed in the higher external field, especially in
the detwinned crystal. However, in the high-temperature region, 7>70 K,
only a monotonic decrease in J_ with A was observed. These results shows
that the fishtail effect originates from pinning by the point-like defects and
the pinning force of the defects decreases as the temperature decreases.

J. depends on both the width of the loop and the sample dimension
according to the Bean model’® as shown in Eq. (4.1). Figure 5-9 shows
changes of J_ with the external field in the temperature range from 5~84 K
with H//c. In the low temperature region, a quite large reduction in J, coulci
be observed in the twinned crystal, showing about a 1/2-times reduction at
5 K. In the high-temperature region, the irreversibility line shifted to the
high magnetic field in the twinned crystal.

Figure 5-10 shows on the semilogarithmic plot of J_ with temperature
in the field range 1~4 T. An approximately exponential decrease of J/_ with
T is observed for 7<50 K, and followed by a more sharp reduction at
higher temperatures. This is consistent with many earlier reports.”*™ The
key observation about these data shows that there is a large reduction in J
in the twinned crystal and the changing exponential decrease of J, with T
in the detwinned crystal are apparent from a steep slope to a gentle one
with an increase in the field at 7<50 K.

Theoretical studies still can not decided whether the twin boundaries

d®¥ o1 increased®® value for the

form regions with a decrease
superconducting order parameter. Suggestions have been made that in case
of a decreased order parameter in the twin boundaries, channeling of the
vortices along the twin boundaries takes place. The observation of reducing
the flux pinning force in the twinned crystal at the low temperature region,

supports the fact that the twin boundaries give rise to a guide a vortex
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motion.*** With increasing temperature, the pinning force along the twin
boundaries is enhanced as compared with the other crystalline imperfections

such as point defect.”
5.4 Summary

We succeeded in separating the effect of the twin boundaries from that
of other defects in the magnetic studies using densely twinned and perfectly
detwinned domains in the same 123 single crystal, where the twinned and
detwinned parts which were free from the contamination of impure metals
from containers, had the same homogeneity in oxygen content, x=7.00.
The most successful detwinning of the 123 crystals was a thermomechanical
treatment under inert atmoshere, which kept the perfectly detwinned domain
after oxygen annealing. The influence of the twin boundaries on J, strongly
depended on temperature. At low temperatures, the twinned domain showed
a smaller J_ than that of the detwinned one. However, as the temperature
increased, the twin boundaries worked as being strong pins and the twinned
domain showed a larger J_ than that of the detwinned one. Remarkable

fishtail hysteresis loops were observed, especially in the detwinned crystal.
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Fig. 5-1. Device for thermomechanical detwinning of YBa,Cu,0, single

crystal.
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Fig. 5-2. Polarized optical microgtaphs of (a) an oxygen annealed
YBaZCu3Ox single crystal before the detwinning treatment and

(b) its magnification of twinned domain.
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Fig. 5-3. Polarized optical micrographs of (a) an oxygen annealed
YBa,Cu,O, single crystal after the detwinning treatment and (b)
its magnification of the boundary between twinned and perfectly

detwinned domain.
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Fig. 5-4. Relationship between the directions of the uniaxial compressive
stress and the crystallographic axis which were determined as the

bisectors of the angle between adjacent twin boundaries.
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b*(a*)

Fig. 5- 5 X- -ray precessnon photographs of a twinned YBa, CuBO single
crystal on the (a) (h k0) and (b) (0 k ) plane.
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Fig. 5-6. X-ray precession photographs of a detwinned YBaZCusx single
crystal on the (a) (1 £ 0) and (b) (0 £ /) plane.
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twinned and a detwinned YBa,Cu,O, single crystal after oxygen
annealing. Magnetic field of 1.0x10° T was applied along the
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Fig. 5-9. Field dependence of the critical current densities of a twinned
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Chapter 6. Conclusion

Large isometric single crystals of the oxide superconductor YBa,Cu,0,
(123) were grown from a mixed region of the solid Y,BaCuQO, (211) and
melt. The crystals possessed sharp, shiny habits with a maximum thickness
of about 7 mm along the c-axis. The best growth conditions were determined
for obtaining large single crystals, where the solvent composition was
7BaCu0,-11Cu0 which is close to the binary eutectic of BaCuO,-CuO,
and the optimum concentration of the growth system was in the ratio of 1/6
(123) to 1/25 (7BaCuO,*11CuO) of 3:7. The use of a Y,0,-crucible prevented
contamination from the containers during growth, and facilitated the synthesis
of high-purity crystals.‘The appropriate temperature gradient and the use of
seed crystals were both effective for controlling nucleation.

The oxygen-annealed crystals showed a sharp superconductive transition
at 91 K. The temperature dependence of theiresistivities was found to be
metallic both in the a (b)- and c-direction, and was very different from
those of other oxide superconductors such as La, Sr,CuO, and
Bi,Sr,CaCu,0,. Sufficient shielding was observed in both the sharpness of
the transition at T, and the required value of the diamagnetism at low
temperatures below T,.

Marked anisotropy was observed in the transition region in the resistivity
(p)-temperature (7) curve under the applied magnetic field parallel or
perpendicular to the c-axis. It become clear that the transition width depended
not on the direction of transport current but on the direction of the applied
magnetic field. A remarkable broadening of the resistive transition was
observed when the magnetic field was applied perpendicular to the CuQ,
plane. These phenomena should be interpreted in terms of some anisotropic

factor without any Lorentz force, as those obtained in La, Sr.CuO, single
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crystals.

The crystal growth mechanism of 123 from a mixed region of the solid
211 and the melt was investigated regarding the quenched samples between
1050 and 900°C using a polarizing optical microscope, an EPMA, and a
X-ray powder diffraction method. The observations suggested the solubility
of the 123 phase to the melt, and induction of Ostwald ripening, which acts
on the solid-melt interfaces to lower the interface free energy of the growing
crystals. These lead to the growth of 123 crystals which progressed due to
the peritectic reaction between the 211 and the surrounding melt phase.

We focused on the relationship between J_ and crystalline imperfections
using the 123 single crystals which were grown from the mixtures whose
compositional ratios of the solid 1/6 (123) to the melt 1/25 (7BaCuQ,+11CuQ)
were 3:7, 4.5:5.5 and 6:4. In the cross section of the three 123 crystals, the
number of voids increased with a decrease in the melt composition. Sufficient
shielding in the field was observed in both the sharpness of the transition at
T, and the required value of the diamagnetism at low temperatures below
T, guaranteeing the high quality of the three crystals synthesized uniformly
as the 123 phase. As the ratios of the melt composition decreased, the
Meissner fractions, the electro-magnetic current density and the effective
pinning energy were enhanced relatively, which showed there was a strong
flux pinning force.

The effect of the twin boundaries on J_ was studied using densely
twinned and perfectly detwinned domains in the same 123 single crystal.
The high quality of the twinned and detwinned crystals which were free
from the contamination of impure metals from containers, had the same
homogeneity in oxygen content, x=7.00. The thermomechanical detwinning
of the 123 crystals was successfully developed under inert atmoshere, which

kept a perfectly detwinned domain after oxygen annealing. The influence
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of the twin boundaries on J, strongly depended on temperature. At low
temperatures, the twinned domain showed a smaller J/_ than that of the
detwinned one. However, as increase in temperature, the twin boundaries
worked as strong pins and the twinned domain showed a larger J_ than that
of the detwinned one. Remarkable fishtail hysteresis loops were observed,

especially in the detwinned crystal.
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