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Critical currents and microstructure of melt-textured stoichiometric YBazCu3O7 ~ crysta&&ites
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To avoid weak-link behavior caused by grain boundaries small crystallites of YBa&Cu307 z were
mechanically separated from —1 cm Bridgman-melt-textured blocks. Using the Bean critical-state
model, j, values at 4 K and 5 T (70 K and 2 T) as high as -2X10 A/cm (-4X10 A/cm ) were es-
timated from the width of the magnetization hysteresis. Microstructural investigations of the crystallites
reveal the existence of dislocations, finely distributed inclusions, stacking faults, twin boundaries, ele-

mentary growth steps, and oxygen-deficient regions. The defects are thought to have a strong infiuence
on the pinning behavior and the shape of the magnetization curve.

I. INTRODUCTION II. EXPERIMENT

The key parameter for applications of high-
temperature superconductors (HTSC) is the critical
current density, j, . Both the intergranular and the in-
tragranular j, are remarkably raised by melt textur-
ing. ' The enhancement of the intergranular j, is

mainly due to a texture between the grains and an en-
largement of the grains themselves. Thus, the detrimen-
tal inhuence of weak links at grain boundaries ' on the
transport critical current density, j, , is greatly reduced.

t

Due to an incomplete peritectic reaction
of YzBaCu05(s) +3 BaCu02( I ) +2CuO(l ) —:2
YBa2Cu307 s(s), ' even at very slow cooling rates of
about 1 K/h, Y2BaCuOs (Y 2:1:1) inclusions and
(Ba,Cu)-rich phases still remain present after cooling
through the peritectic reaction. These nonsuperconduct-
ing phases could act as pinning centers and could be one
reason for the increase of the intragranular j,&M. Mu-
rakami et al. reported, that Y 2:1:1 additions to the
stoichiometric YBazCu307 s (YBCO) precursor could
raise j, even more. " ' Nevertheless, whether Y 2:1:1
acts as a grain boundary cleaner by removing the excess
(Ba,Cu)-rich solidified liquid from the grain boundaries or
as a pinning center inside the grains is still under discus-
sion.

In this study we used small crystallites of YBCO to
avoid any ambiguity due to weak-link behavior of grain
boundaries. The microstructure and magnetization
behavior of the crystallites were investigated to reveal the
nature of the high-j, &~ values in this material.
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FIG. 1. Schematic drawing of the temperature profile used in
the melt-texturing process.

The melt-textured samples were prepared by slowly
cooling stoichiometric YBCO pellets through the peritec-
tic reaction as shown schematically in Fig. 1. For the
melt-texturing a modified three-zone Bridgman furnace
was employed with a fixed thermal gradient of 25 K/cm.
To ensure a high oxygen partial pressure, pQ, the sam-2'

ples were sealed in a quartz tube. In general p Q2

(1000'C)~1 bar was selected. Details of the sample
preparation are given in Ref. 14. From the resulting —1

cm blocks small crystallites with dimensions of about
500 X 500 X 50 pm were mechanically separated. Devia-
tions of the exact stoichiometric composition of
YBa2Cu307 & were estimated by electron microprobe
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III. RESULTS
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FIG. 3. Schematic drawing of a crystallite, built up by a
stack of two "quasi single crystals" with parallel c axis and a
slight misorientation of less than 1' in the a and the b axis.
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the fine inclusions, are created during the melt-textunng
process.

FIG. 5. SEM micrograph of the edge of a crystallite. Large
growth steps are visible.

2. Optical and analytical scanning electron microscopy

Optical microscopy and SEM investigations of the
crystallites reveal smooth surfaces with some large
growth steps (Fig. 5) at the edge of the crystallites and
twin boundaries over the whole surface of the crystallites.
From a SEM image with backscattered electrons (Fig. 6
an average twin spacing of about 270 nm could be es-
timated which is about the same order of magnitude than
obtained by TEM observations.

4. EPMA

Electron-probe microanaiysis investigations o u
~ ~ ~ ~

Ulk

samples reveal that oxygen-deficient regions exist near
grain boundaries. However, much more important seems
to be the fact, that some regions of the crystallites are
also oxygen or oxygen and yttria deficient, whereas the
Ba and Cu content of the crystallites turns out to remain
almost constant.

C. ac susceptibility

Investigations of the surfaces of freshly separated crys-
tallites were performed by means of a STM using
mechanically prepared Pt/Ir tips, a tunneling voltage
U f 800 mV and a tunneling current I, of 100 pA.bias
All crystallites exhibit a smooth surface and a regular
structure with no imperfections except from growth steps
of the height of the elementary unit cell in the c direction
[Figs. 7(a) and 7(b)].

ac suscep
'

ptibility measurements of the as-prepared crys-
at 89.4tallites reveal a sharp superconducting transition at

K (50%) and a transition width of less than 0.6 K
(10—90%%u' ). Nevertheless, a small foot is observed. After
7 days of annealing under Aowing oxygen at aroun 40
K no remarkable difference in T, is detectable and the
foot has neither vanished nor even shifted.

FIG. 4. TEM micrograph of a crystallite. Small inclusions
with an average dimension of about 35 nm are visible. Disloca-
tions are seen to be associated with the inclusions.

FIG. 6. TEM micrograph showing twin boundaries with an
average spacing of about 350 nm. The inset shows a SEM mi-
crograph of the surface of a crystallite recorded with backscat-
tered electrons. Twin boundaries with an average spacing of
about 270 nrn are visible.
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D. Magnetization measurements

Magnetization measurements of the melt-textured sam-
ples exhibit a strong hysteresis. At low temperatures the
magnetic hysteresis width decreases slowly with increas-
ing temperature and increasing effective magnetic fields,
B,tr=B —ittoDM (Fig. 8). At higher temperatures mea-
surements of the magnetization versus B,z exhibit an
anomalous behavior. Starting with a decrease of the
magnetization hysteresis width with increasing effective
magnetic field the hysteresis width increases and after a
maximum at an effective magnetic field B*, which is
sometimes higher than the hysteresis width for very small
fields, it decreases again (see, e.g., Fig. 9). According to
the shape of the anomalous M(B) behavior, it is called
fishtail behavior. The second peak in the magnetization
curve at B* shifts with increasing temperature to de-
creasing effective magnetic fields.
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FIG. 8. Zero-field-cooled magnetization curves for T=4, 11,
22, and 39 K. The external magnetic field was applied parallel
to the c axis.

E. Magnetization critical current densities

Applying the Bean critical-state model' the magnetic
critical current density, j, &M, could be estimated in the
case of B ~~c using the relation'

26M(B,Ir )

pea(1 —a/3b)

where b,M(Bdr) denotes the width of the magnetization
curve at the effective magnetic field B,& and a, b the sam-
ple dimensions (a ~ b) in the plane perpendicular to the
external magnetic field direction. Using relation (1) and
assuming that the crystallites are "quasi single crystal-
line" in the a and b directions (see above), j, a~ is es-
timated to -2 X 10 A/cm at 4 K and 5 T, and -4X 10
A/cm at 70 K and 2 T, respectively (Fig. 10). The pro-
nounced second peak is clearly seen at elevated tempera-
tures.

IV. DISCUSSION

The magnetically measured critical current density,
j, &M, of the melt-textured crystallites is about 1 order of
magnitude higher than the intragrain critical current
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FIG-. 7. STM micrograph taken from the surface of a crystal-
lite showing unfiltered raw data in three dimensions (a) and its
gradient representation in two dimension (b). Growth steps of
height of the elementary unit cell are visible.

FIG. 9. Magnetization curve at 62 K with B~~c. Prior to the
measurement the magnetic field was cycled so as to ensure full

penetration of the screening currents.
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that parts of the dislocation lines are bent too much to al-
low the flux lines to be pinned along the total dislocation
lines. The elementary pinning force is given by
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FIG. 10. Field dependence of the critical current density of
the crystallites at different temperatures for B~~c.

density of polycrystalline specimens. However, one
should keep in mind that there are uncertainties in the j,
determination from magnetization measurements due to
an ill-defined actual grain size in the case of polycrystal-
line material. Furthermore, from p(T, B) measurements
the activatIon energy Up for thermally activated Aux

How is estimated to be almost four times higher in the
melt-textured samples than in polycrystalline material.
These enhancements could be caused by the presence of
the many observed microstructural defects which are ab-
sent in polycrystalline samples. It is well known that due
to the small coherence length, g, of YBCO practically
every defect could act as a pinning center but, e.g. , grain
boundaries could also act as weak links.

Using direct summation, a simple estimation of core
pinning by the observed small inclusions yields

(2)

where B„(g ), (d ), and N; denote the thermodynamic
critical induction, the average coherence length,
(g) =(g,zg, ) ', the average diameter of the inclusions,
and their density, respectively. With the above-
mentioned values N, =6 X 10' cm and ( d ) =35 nm
and by inserting B, at 4 K (70 K) = 1.6 T (0.69 T) (Ref.
28) and ( g) at 4 K (70 K) = 0.61 nm (1.2 nm), j, , at 4
K (70 K) and 5 T (2 T) turns out to be 4. 1 X 10 A/cm
(3.7X10 A/cm ). Taking into account thermally ac-
tivated Aux motion and the fact that j, ; is overestimated
by a direct summation even at 70 K and 2 T this j, , value
is a little too small to explain the measured j, z~ value of
-4X10 A/cm. At 4 K and 5 T this j, , value of
4. 1 X 10 A/cm is far below the measured j, aM value of
—2X 10 A/cm. Thus, other effects must be taken into
account.

Assuming that strain fields near the dislocations lower
the superconducting (sc) order parameter and that the sc
order parameter is zero in the dislocation core as well as
that the Aux lines are parallel to the dislocation line ele-
ment, ds, one can estimate the pinning potential, U, for

where ( g) ~ denotes the average coherence length perpen-
dicular to the line element of the dislocation. Because of
the high Ginzburg-Landau parameter z, the constant for
Aux line lattice shear, c66, is small. Thus, the flux
line lattice (FLL) in HTSC is very soft. The average dis-
tance between the dislocation lines dd =Nd ' =100 nm
is larger than the Aux line lattice spacing, ap, of -50 nm
(-20 nm) at 1 T (5 T). Therefore it is assumed that each
dislocation line can pin a Aux line. Thus, direct summa-
tion is used where the volume pinning force, F =j,B, is
given by

F =Ndf

Nd denotes the dislocation density. The critical current
density j, d for core pinning by dislocations can be deter-
mined to

B,'Nd
I
bl'

Jcd l
8 (g)

To estimate the maximum possible j, d for an orientation
of 8 parallel to c, the line elements, ds, of all dislocations
are assumed to lie in the c direction. (g)~ can then be re-
placed by g,b. With the above-mentioned values
Nd=1 —2X10' cm, lbl=3. 8 A, B, at 4 K (70 K) =
1.6 T (0.69 T), and g,& at 4 K (70 K) = 1.2 nm (2.4 nm),
respectively, and assuming 0.8 for g because of the very
soft FLL, j, d at 4 K (70 K) and 5 T (2 T) is estimated to
be 2—3X10 A/cm (4—7X10 A/cm ).

In the case of dslc and Bllc, the eff'ective interaction
volume, V~~, is given by (n. /4) lb l 2g, b and the

eff

effective density Nd by Nd /aI (for B )0.25 T
eff

~aI (Nd ' ). Thus, using a similar estimation as above
for dslc and Bllc, Eq. (6) transforms to

B,'N„lbl'
je d ='9~ (7)

4poa&B

Therefore, for an efFective magnetic field parallel to the c
axis, j, d for dslc turns out to be a//(2g, b) times smaller,
than for dsllc, i.e., 5 —100 times smaller, depending on the
considered field and temperature value.

This is a very crude estimation because direct summa-
tion usually yields a too high pinning potential and
thermally activated Aux motion also has to be taken into
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account at higher temperatures. Nevertheless, due to the
conservation estimation of the interaction volume, V~~,
which could be higher than (n. /4) ~b~, dislocations could
be strong anisotropic pinning sites.

On the other hand, the strained region surrounding a
dislocation could cause the observed fishtail. Another
possible origin of the fishtail, as proposed by Daeumling
et al. , might be the oxygen-deficient regions which
were observed by EPMA. The strained regions near the
dislocation core as well as oxygen-deficient regions are
both thought to possess a lower T, and B,2 compared to
the YBCO matrix. Thus, they become pinning centers if
the effective external magnetic field becomes higher than
their upper critical field. Therefore, a peak in the magne-
tization curves at finite field is observed, which shifts with
decreasing temperature to increasing effective magnetic
fields.

The fact that ac susceptibility measurements of as-
prepared and oxygen-annealed (7 days, fiowing Oz) crys-
tallites show no difference in the transition temperature
or the transition width and that a small foot neither van-
ishes nor even shifts, favor an interpretation where the
fishtail is caused by the strained and disordered regions
near the dislocation core. In the case of core pinning by
dislocations as discussed above, we assume that the
strained regions surrounding the dislocations become
normal conducting for increasing external magnetic fields
and temperatures and therefore that the effective interac-
tion volume V~~ becomes temperature and field depen-

eff

dent, i.e., Vn, ii, =g( T,B )(n/4) ~b~ . y(T B) increases

with temperature and effective magnetic field
g(T, B)) 1]. In addition, a factor (1—b*), with
b*=B/B, , takes into account the decrease of the con-

densation energy in a magnetic field. Thus, Eq. (6) trans-
o1

j,d=gy(T, B)m (1 b*) . — (&)
gPO

This equation allows a qualitative correct description of
the observed increase of the hysteresis width with in-
creasing magnetic fields. The decrease of the magnetic
hysteresis width for effective magnetic fields greater than

B*(T)is due to the fact that above B '(T) all strained re-
gions which could become normal conducting are already
normal conducting and therefore y( T,B) becomes con-
stant.

V. CONCLUSIONS

It was shown that crystallites of melt-textured YBCO
possess different kinds of microstructura1 imperfections.
A high density of very fine inclusions of about 6X10'
m with an average diameter of about 35 nm, a high
density of dislocations of about 1 —2X 10' cm, twins,
stacking faults, oxygen and yttria deficient regions are as
well observed as regular growth steps of height of the
YBCO unit cell. The high density of defects improves
the pinning strength and explains the enhanced critical
current density [e.g., j, z~ (4 K, 5 T) =2X 10 A/cm )]
compared to polycrystalline intragrain critica1 current
densities [e.g., j, ~M (4 K, 5 T) =2X10 A/cm ].~3 An
estimation of core pinning by the observed inclusions
could neither explain the j, &~ value at 4 K and 5 T nor
the increase of j, &~ with increasing effective magnetic
field (fishtail) at higher temperatures. Therefore, other
defects must be taken into account.

Assuming the core of the dislocation to be nonsuper-
conducting it was shown that dislocations could cause
anisotropic pinning. Strain fields (disordered regions)
around the dislocation core which possess a lower T, and

B, ( T) than the YBCO matrix could result in a
2

temperature- and field-dependent interaction volume and
therefore explain the observed fishtail behavior.
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