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Magneto-optical studies of magnetization of melt-processed YBa2Cu3O72d
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Magnetization patterns on different faces of long bars cut from melt-processed YBa2Cu3O72d ~YBCO!
samples were studied using advanced magneto-optical techniques. It is shown that with an external magnetic
field perpendicular to the long side of the bar the magnetization front is described by a cylindrical surface
having a cross section shaped as a higher-order ellipse, i.e., the front has a sharper bending near the sample
edges than a second-order ellipse. Similar to bicrystal boundaries, the boundaries of structure domains con-
sisting of c axis-aligned crystalline plates are revealed to be weak links in a wide temperature range for
misorientation angles between domains exceeding 10°. The temperature dependence of the critical currents
inside the domains are determined by fitting induction profiles measured across the bars. From direct flux
pattern observations and measurements of the anisotropy for currents flowing along and across the crystalline
plates, it follows that the crystallite boundaries also become effective weak links at higher temperatures and
fields. Possible reasons for why the observed anisotropy is much less than that forc axis andab plane currents
in YBCO single crystals are discussed.@S0163-1829~97!00938-7#
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INTRODUCTION

Melt-processed YBa2Cu3O72d ~MP YBCO! ~Refs. 1 and
2! is today the most advantageous high-temperature su
conductor~HTSC! for many bulk applications like magneti
suspensions, bearings, rotors, and so on. These mate
possess the highest critical current,Jc;105 A/cm2, at liquid-
nitrogen temperature~yielding only to YBCO films!, a mod-
erate decrease ofJc in external fields, and large areas—s
called structure domains—free of weak links. This allo
trapping of large magnetic moments, which is important
many superconducting devices. So far it is not fully und
stood what is the mechanism of enhancedJc in MP YBCO
although 211 inclusions,3 interfaces between 211 and 12
phases,4 twin boundaries,5 or dislocations6 and stacking
faults7 generated around 211 particles have been propose
important pinning centers. It is generally recognized, ho
ever, that the alignment of crystal plates~crystallites! having
a commonc axis within structure domains is the main reas
for a reduced number of weak links in the material. We
links are usually associated with grain boundaries and li
the current-carrying ability of the ceramical HTSC’s. In M
samples the boundaries between crystallites in the struc
domains have small misorientation angles, but in some p
cracks and precipitates of nonsuperconducting phases
form during the growth process.2,8 Nevertheless, thes
boundaries are considered to provide good contact betw
crystallites due to the existence of well-coupling bridg
Much worse are the superconducting properties at bou
ariesbetweenstructure domains, which in general have lar
misorientation ofc axes. Peculiarities of the magnetic-flu
behavior due to both types of boundaries are directly stud
in the present paper using magneto-optical observations

The problem of grain boundaries~note that in low-Tc su-
perconductors the grain boundaries are one of the main
560163-1829/97/56~18!/11979~10!/$10.00
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tors for improving pinning and thusJc .! in cuprates has bee
discussed intensively since the discovery of HTSC’s.9 It was
clarified that their structure depends on fine changes in
composition as well as conditions of sample preparation
processing. In turn, the superconducting properties of g
boundaries should be extremely sensitive to details of th
structure due to the very short coherence length in
HTSC’s. This results in different effects of the grain boun
aries in differently grown samples, and therefore require
detailed study in a specific material. At present the m
consistent investigations of the effects of grain bounda
are performed on artificial film structures grown on bicrys
substrates, see Refs. 9–11, which show deterioration of
superconducting properties at boundaries with misorienta
angles above;10°. There are also several works on inte
grown single crystal12–14 confirming pinning effects at low-
angle grain boundaries and weak-link behavior at h
angles~excluding special orientations!. However, only a few
papers focus on this problem in melt-processed HTS
~Refs. 15–17!, where mostly the magnetic properties
samples cut from separate structure domains have bee
ported. An anisotropy of critical currents along and perpe
dicular to aligned crystallites was observed at 77~Ref. 15!
and 5 K~Ref. 16!, and turned out to be less than that for t
same directions in single crystals of YBCO. It was al
shown that inside domains2 the temperature and magneti
field dependences ofJc are improved, especially at lowe
fields and higher temperatures, by increasing the conten
211 inclusions, thus indicating their dominant role in bu
pinning. As for the domain boundaries their effects we
studied much less. It is only known that due to the struct
imperfection of large angle boundaries18,19 they should pro-
duce weak links. This was confirmed recently by magne
optical experiments.20

In MP HTSC’s there are usually several domains hav
11 979 © 1997 The American Physical Society
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differentc-axis orientations so that in a bulk sample the cr
tallites are aligned at different angles to the sample fac
This should result in inhomogeneous flux and current dis
butions determined not only by the value and anisotropy
the critical current in domains, but also by the arrangem
of domains relative to the field and the sample edges.
main goal of the present work was to analyze magnetic-
and current patterns in MP samples containing several
mains using real-time high-resolution magneto-optical te
niques, in order to clarify the role of domain and crystall
boundaries in the magnetic response of the material at
ferent temperatures. At the same time, effects of the sam
shape on the magnetization front geometry were studied.
observations directly reveal peculiarities in the behavior
bulk MP HTSC’s in superconducting devices.

EXPERIMENT

Long rectangular bars (;0.431310 mm) were cut from
bulk MP YBCO samples containing several structure d
mains. In the domains crystalline plates are known to
aligned with a commonc axis and withab axes only slightly
~of the order of a few degrees! rotated in neighboring
crystallites.2,18–19 To determine orientations of the axes
different domains, samples were polished and the direct
of cracks along crystallite boundaries and directions of tw
on mutually perpendicular faces were examined in a pola
ing microscope. Figures 1~a! and 1~b! show low magnifica-
tion images of domains on two faces of one sample. T
contrast in domains is determined by the bireflectance giv
different colors for different orientations of crystal axes w
respect to the polarization of the incident light. The sa
contrast also appears between the different twins, seen a
larger magnification in Fig. 1~c!. In Fig. 1~c! one can also see
lines of cracks along the projections of basal planes of c
tallites in domains on the sample faces as well as 211 in
sions of relatively large dimensions. Cracks are interrup
and bridges between the crystallites are clearly obser
This is a typical picture for MP YBCO. It is known from
literature, e.g., Refs. 18, 21, and 22, that at boundaries
tween the domains, and also between crystallites, there
be Cu and Ba oxides, some amorphous phases, microcr
and oxygen depletion. Electron microscopic observati
reveal precipitates and twin structures down
nanometers,2,18,19and also numerous dislocations and sta
ing faults in 211/123 interface regions.5–7 Figure 1~d! gives a
schematic drawing of the orientations of crystal plates anc
axes in the domains of the present sample retrieved f
twin and crystallite boundary directions on different face
Note that in domain 1 the crystallites are oriented norma
the long edges of the sample bar. In domain 2 the orienta
is parallel, while in domain 3 the crystallites are inclined
some angle.

Samples were glued to the cold finger of an optical c
ostat and one face was covered with a sensitive iron ga
film with the in-plane anisotropy. Such a magneto-opti
indicator can reveal in a polarizing microscope real-tim
variations of the normal component of inductionBn on the
sample surface with practically an optical resolution in
wide temperature range.23 In the pictures below the imag
brightness corresponds to the local-field value observe
-
s.
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the indicator plane with the external field applied normal
the sample face. To quantify the local field a modulati
technique was used which provided measurements of
Faraday anglea in regions;3 mm in diameter. By scanning
the Faraday angle measurement along chosen tracks, an
ing a calibration curvea(Bn) for the film, we could obtain

FIG. 1. ~a,b! Polarized light image of structure domains on tw
faces of a rectangular bar of a melt-processed YBCO.~c! Magnifi-
cation of the area marked by a box in~b!. Darker spots of 211
particles, parallel stripes of twin structures, and cracks along bou
aries of some crystallites are visible in the domains.~d! Schematics
of the orientation of crystal platelets and theirc axes in the domains
of the sample under study.
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FIG. 2. Magneto-optic images of penetration and trapping of magnetic flux in external fields normal to the wide and narrow sid
sample shown in Fig. 1. The polarizers were nearly uncrossed, and color brightness represents the local-field magnitude. In~a! and ~b!
Ha5935 Oe. In~c! and ~d! Ha50 after first applying 1170 Oe~e! and ~f! show the trapped flux after field cooling in 1170 Oe down
T516 K. ~g! and ~h! show the same after cooling down to 70 K.
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profiles of Bn(x) in different domains. These profiles we
numerically fitted by calculated induction profiles on the s
face of a bar with the same length and with the same c
section~perpendicular to the long side of the sample! as the
sample. The critical currentJc was assumed to flow paralle
to the long edge in a shell; near the surface at smaller fie
and across the whole bar cross section at total flux pene
tion. Currents have opposite signs in two halves of
sample. This picture corresponds to the Bean model for
field entry with a front separating the inner Meissner st
from the outer shell filled with vortices. The front shape w
selected as a cylindrical surface with a cross section given
some even order curve~details described below!. In this way
the qualitative features of measuredBn profiles were repro-
duced. The characteristic dimensions of the curve toge
with the magnitude ofJc were used as fitting parameter
From these fits we were able to determine the critical curr
density and its temperature dependence for different
mains.

RESULTS

Features of the field penetration

Figure 2 illustrates the flux entry and subsequent trapp
in the sample shown in Fig. 1. The set of pictures was ta
with the field applied normal to the bar’s wide and narro
-
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surface, respectively. One observes that the field starts
etrating in the boundaries between structure domains@Figs.
2~a! and 2~b!#, and that it also escapes first from the sam
regions at decreasing field; see the darker lines along
boundaries in Figs. 2~c! and 2~d! which show a reduced an
reversed field there. In this case the angles betweenc axes in
different domains exceed 20° and all the boundaries d
nitely show the weak-link behavior. It should be noted, ho
ever, that no weak-link effects were observed at dom
boundaries with angles below;10° ~not shown in Fig. 2! in
fields up to 1.5 kOe. The same observation was reported
in Ref. 20. By direct inspection we found cracks and preci
tates of other phases along the large-angle domain bo
aries. However, there were also long segments where
such defects showed up within the optical resolution. The
fore, the observed weak-link behavior can be attributed
intrinsic properties of these boundaries, which is consist
with data for bicrystal boundaries in epitaxial YBC
structures.10

By increasing the applied field further the screening c
rents start to form closed loops inside each domain, i.e., t
follow the shape of the domains, and the flux enters ins
both from the sample surface as well as from the dom
boundaries. In a sense, in the high-field magnetization p
cess the domain boundaries behave effectively as additi
surface area of the sample. Distinct easy penetration di
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11 982 56L. S. USPENSKAYAet al.
tions are seen to lie in theab plane. In Fig. 2 this effect
becomes most evident by comparing the flux patterns in
mains 1 and 2 where crystallites are oriented perpendic
and parallel to the bar length, respectively.

The easier field penetration along the basal plane was
viously observed in single-domain samples of me
processed YBCO at 10 and 77 K~Ref. 15! by Goto et al.,
and also later at 5 K by Schusteret al.16 The ratio of critical
currents flowing along and perpendicular to the basal pl
estimated from the penetration depth in different directio
was 3 at 77 K in Ref. 15 and 25 at 5 K in Ref. 16. These
ratios were smaller than expected for single crystals
YBCO. We have measured this anisotropy in a wide te
perature range as discussed below.

At higher magnifications bright spots are visible insi
domains. They appear due to the flow of screening curre
around large 211 particles and show wiggling trajectories
Jc in the material~not shown in the picture!. One more
source of the pattern irregularity is the crystallite boundar
in domains. They result in a furlike front of the flux entry
domains with ‘‘hairs’’ along the crystal platelets. This wa
observed also in Ref. 16 but considered as a picture sim
to the penetration front in crystals. We emphasize the spe
structure of this front showing zigzag trajectories of sup
currents due to cracks and perhaps also weak links along
crystallite boundaries. This peculiarity results in a differen
of magnetization processes in MP samples as compare
single crystals, e.g., it suppresses formation of Meiss
holes24 and macroturbulent structures25,26which are observed
in remagnetized YBCO crystals. Nevertheless, for the e
mation one may treat the present flux patterns in terms o
averageJc flowing at an appropriate angle to the crystallite
neglecting that the actual current trajectories are wigglin

After turning on and switching off the applied field th
width of bright rim representing trapped flux@Figs. 2~c! and
2~d!# directly shows the ratio of critical currents flowing i
different domains along their boundaries. If the sample
cooled in a field which is subsequently switched off at lo
temperature the flux will escape from the boundary regi
in accordance with the appropriate critical currents in
domains. In this case the flux of opposite polarity due to
return field of the trapped flux enters along the bounda
and near the sample edges@Figs. 2~e! and 2~f!#.

At higher temperatures the penetration fields become
sentially smaller and the anisotropy increases. However,
qualitative features of the magnetization processes rem
the same, as can be seen by comparing Figs. 2~e! and 2~f! at
16 K and Figs. 2~g! and 2~h! taken at 70 K.

Field profiles

Field profiles measured across the sample during pen
tion and trapping of magnetic flux in domains are shown
Figs. 3 and 4. The set of profiles in Fig. 3 are measured
the narrow face of the bar in domain 2 after application
fields starting from 200 Oe and increasing in steps of 100
at 15 K. Figure 4 shows the same field scan after the sam
was initially cooled to 15 K in various applied fields, whic
subsequently were switched off. The same sets of pro
obtained for domain 1 are shown in Figs. 5 and 6. While
general changes of the profiles are the same in both dom
it is evident that flux penetrates more easily into domain
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than into domain 2 at equal applied fields. The difference
the slope of the field profiles shows thatJc of domain 2 is
higher. Figure 7 illustrates how increasing the temperat
tends to flatten the trapped flux profiles in domain 2. This
due to a monotonically decreasingJc(T).

To model the observed flux profiles consider first t
simple case of a plate in a parallel field assuming that
flux penetration front is parallel to the faces, see Fig. 8. N
merical calculations ofBn(x) for current sheets of increasin
thickness and of constant current density are shown. In
calculations, which are based on the Biot-Savart law,
rectangular cross section of the bar was set equal to tha
the sample and the field was evaluated in a plane 5mm
above the upper bar face corresponding to the plane of

FIG. 3. Perpendicular induction profiles measured across the
sample in domain 2 at 15 K. The lowest curve was obtained w
Ha5200 Oe, and for each next curveHa was increased by 100 Oe

FIG. 4. Profiles of the trapped flux (Ha50) in domain 2 after
cooling to 15 K in fields from 200~lower! to 1000~upper! Oe with
steps of 100 Oe.
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56 11 983MAGNETO-OPTICAL STUDIES OF MAGNETIZATION OF . . .
indicator film. The edges of the rectangle were rounded w
a radius of curvature of;8 mm, simulating the sample
shape after polishing.

A qualitative discrepancy between calculated and m
sured profiles is seen at their wings outside the sample ed
Here the experimentalBn(x) displays a maximum near th
edge at the smaller fields~Fig. 3!. In larger fields this peak
vanishes, and the flux profile becomes monotonically
creasing towards a level given by the applied field. The
served field concentration near the edges is caused by
rents flowing in the corners where the initial flux penetrati
takes place. One possible reason for the change in the pr
shape could be a suppression ofJc in the corners~e.g., as
discussed in Ref. 27! by the enhanced external field. How
ever, there is also the possibility that the effect is related
the displacement of the magnetization front. To clarify th
we modeled the penetration front by a cylindrical surfa
with a cross section given by

FIG. 5. Flux penetration in domain 1 for the same conditions
in Fig. 3.

FIG. 6. Profiles of trapped flux in domain 1 for the same co
ditions as in Fig. 4.
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~x/a!2n1~y/b!2n51. ~1!

By using different powersn this describes various ‘‘ellip-
soids’’ inscribed into a rectangle with sidesa and b. At
larger powers the front will bend more sharply in the corne
as illustrated in Fig. 9. With increasing applied field the fl
front was assumed to shift inwards from the sides but
from the top and bottom. Thus, the penetration front is
formed only by a shortening of thea axis of the ellipsoid. In
the calculations the shell carryingJc was divided into square
filaments withDx3Dz;0.8530.85mm2. To allow a more

s

-

FIG. 7. Temperature changes of the trapped flux profile in
main 2 after field cooling inHa51 kOe. The curves were obtaine
for T511, 40, 63, 69, 76, 79, 82, 85, 87, and 88.5 K.

FIG. 8. CalculatedBn(x) on the top face of an infinitely long
rectangular bar with currents flowing along the sides as show
the insert. The graphs illustrate how the profiles develop with
creasing thicknessd of the current carrying layer.
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11 984 56L. S. USPENSKAYAet al.
detailed description of the surface layer the filaments at
top and bottom were chosen withDx15Dx and Dz1
50.1Dz.

There is initially a peak inBn(x) near the sample edge
for all powersn. The squeezing of the short ellipsoid ax
which also implies a displacement of the strongly bent p
of the penetration front away from the rectangle corne
reduces the peak. Eventually the peak vanishes complet

Comparison with the experimental profiles of Fig.
shows that the ellipsoid of the second order (n51) is not a
good description of the penetration front. The predicted p
files Bn(x) for n51 clearly lack the abrupt change from th
flat central part to the steep slopes of the U-shaped pro
observed experimentally. By increasing the power the ca
lated profiles attain the characteristic ‘‘bucket’’ shape first
n53, where also the nearly linear drop ofBn near the sample
edges is reproduced. Thus we conclude that the flux pen
tion front in rectangular bars has initially a shape which
strongly bending near the corners. This is in accordance w
a recent calculation, due to Brandt, on the electrodynam
problem for magnetization of long rectangular bars in tra
verse fields.28 The induction lines in Fig. 1 of Ref. 29 jus
show stronger bending in the corners of the rectangles a
initial stages of magnetization. The bending becomes smo
only at fields about half of the total penetration field. No
that during the displacement of the penetration front the p
tive field above the sample in Fig. 9~we remind the reade
that this is only the field due toJc which should be added to
the external fieldHext! is increasing much stronger than th
negative one decreases outside and their ratio beco
larger. This helps to make initial estimates of fitting para

FIG. 9. Profiles ofBn(x) on the top surface of an infinitely long
rectangular bar carrying currents in the shell limited by the
faces and different cylindrical surfaces with cross section (x/a)2n

1(y/b)2n51, i.e., an ‘‘ellipsoid’’ of ordern. Curves are shown for
n51, 2, 3, and 4 where calculations were made for flux penetra
depthsd50. The slight dip in the profiles near the center is due
the spatial discretization made in the calculations. The current
set equal to zero in filaments close to the face center, where
current carrying layer is less thanDz1 in thickness. The inset illus-
trates how ellipsoids of different order vary in shape.
e
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eters from the comparison of field values in the middle and
the wings of measured profiles.

Our numerical calculations showed that the field profi
Bn(x) at the sample surface is not very sensitive to slig
changes in the shape of the magnetization front. In fact, if
sixth-order ellipsoid is substituted by an appropriate polyg
circumscribing the ellipsoid, the resultingBn(x) is practi-
cally the same. This was used to simplify the estimation
Jc from the profiles measured at moderate fields. Moreov
the calculations show that the profile shape is nearly ins
sitive to the currents flowing far from the top surface. The
fore, symmetrical magnetization fronts were assumed in
fits for each domain, even when they did not extend throu
out the entire sample thickness.

We also notice that if a fieldHa is applied to a zero-field-
cooled~zfc! sample and then switched off, the remnant fl
profile will have a maximum noticeably less than the naive
expectedHa/2. Therefore, in this remnant state the profi
has a smaller slope than in the trapped flux state produce
field cooling. In the first case the flux initially enters th
sample with an ‘‘elliptic’’ front, which at large applied field
will go to the very center. The flux exit process then leads
a second elliptic front. Between the ellipses a positiveJc
flows and between the outer ellipse and the sample sur
the current has the opposite sign. Superimposing the fi
from 1Jc and2Jc in layers of different effective thicknes
the result is a reduced slope ofBn(x).

Our results~Figs. 3–6! show that the profiles of flux
trapped after field cooling have features different from tho
obtained by application of the same fields to the zfc bar. IfJc
were only a function of temperature, and one neglect
Meissner current contribution~not seen in the experiment!,
one should expect in the fc case that after settingHa50, a
flux gradient will be present in the same regions as th
invaded by flux in the virgin state when the same field
applied. Thus, profiles of trapped flux should coincide w
the inverted penetration profiles. This is in fact observed
small fields. At larger fields, however, only the slope near
edges is the same for the fc and zfc profiles. Differences
seen in the central parts and also in the profile wings outs
the sample edges. First of all, instead of the plateau obse
in the zfc case there is a slope in the central region wh
increases withHa for the fc sample. It is smaller than th
slope near the edges and corresponds to smaller cur
flowing in the interior as compared to a largerJc near the
edge. The finite slope in the middle of the fc profiles
associated with a deeper location of the flux exit front, i.
an expansion of the current-carrying shell as compared to
zfc case, and also a field suppression of the magnitude oJc
in the central region. During virgin magnetization of the z
sample the flux front enters less deeply andJc is suppressed
only near the corners. By increasing the field in which t
sample is cooled the current-carrying shell formed by sett
Ha50 will expand inside the bar, and a peak inBn(x) above
the sample should become sharper in spite of the effect
field-dependentJc . This explains the increasing steepness
the fc profiles in the center of the bar at largerHa in Figs. 4
and 6.

As discussed above, the observed wings of the zfc profi
outside the sample edges change from being nonmonot
to monotonic with increasing applied field. In the fc profile
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the wings are always nonmonotonous in cooling fields up
1 kOe. In this case the currents near the edges are maxim
because the local field in these regions~after switching off
Ha! is small, and this gives rise to the observed wing sha
The suggestion that the change of the zfc wing shape is
to the field suppression of currents is consistent with
discussed model. If the effect would be dominated by a s
of the penetration front a similar wing behavior should
expected also in the fc case.

Figure 10 shows a comparison of measured trapped
Bn(x) after fc with calculated profiles for a bar containin
currents which decrease towards the interior. To simplify
calculations the continuous decrease of the current co
sponding toJc(H) was discretized by having two zone
where the outer carries the largerJc

(1) and the inner the
smallerJc

(2) . The geometry is shown in the inset, and fittin
parameters are given in the figure caption. Figure 11 sh
similar calculations for the zfc profile with a smallerJc in the
outer ellipse. The correspondence of calculated and m
sured curves appears quite reasonable and supports the
gested physical picture.

TEMPERATURE DEPENDENCE AND ANISOTROPY
OF CRITICAL CURRENTS

The values of the critical currents were obtained by fitti
measured profiles ofBn(x) across the samples in differen
domains. At low temperatures, when the available fie
were not sufficiently large for a total penetration~T,20 K in
domain 1 and,50 K in domain 2!, the front of the magne-
tization was modeled by the sixth-order ellipsoid. BothJc
and the axis of the ellipsoid normal to the field were used
fitting parameters. Also a field suppression ofJc near the
sample edges was accounted for in the calculations by in
ducing a larger ellipsoid outside where the critical curre
had a smaller value. This was necessary in order to re
duce the observed wing shapes of the profiles. At hig
temperatures, where the penetration was complete, the

FIG. 10. Measured and fitted profiles ofBn(x) in domain 2 in
the field-cooled case. Shown are results for cooling to 15 K
applied fields of 200, 600, and 1000 Oe.
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sured profiles had the triangular shape and were treate
Bn(x) near the top face of an infinite bar with opposite d
rectedJc in two halves.

Profiles of the trapped flux measured after field cooli
and switching off the field were also fitted by the model
two enclosed ellipsoids, except now with the largerJc in the
outer shell. In this case the critical current is suppressed
the large field trapped in the interior part. Measured profi
having a distinct triangular shape were fitted by assumin
critical state in the whole sample. The fitting values of t
larger critical currentJc

(1) were practically the same for fc
and zfc profiles measured along the same track. They w
therefore taken as the small-field value ofJc in the appropri-
ate domains. The results are presented in Fig. 12.

The Jc(T) curves in all three domains have qualitative
the same shape. They are slightly curved upward towa

n
FIG. 11. Measured and fitted profiles ofBn(x) in domain 2 in

the zero-field-cooled case.

FIG. 12. Temperature dependence ofJc derived from measured
flux profiles Bn(x) for domains 1,2,3. Fitting ofJc(T) using m
5constant and the interpolation formulam5m(T) are shown.
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low temperatures and drop with increasing slope nearTc .
Such a behavior is commonly observed in single crys
~see, e.g., Ref. 30, and references therein! and also melt-
processed samples of YBCO.17 However, in single crystals
the current decreases faster especially at intermediate
peratures, while in melted ceramics it changes more gra
ally and then drops sharply atT.80 K. In domain 1, where
the crystallite boundaries are normal to the edges and par
to the field direction,Jc has the smallest value and dro
faster with temperature than for the other domains. This c
rent flowing acrossab planes controls the flux motion alon
them and should be smaller as compared toJc in domain 2,
where it flows along the basal planes and resists motion
vortices at an angle to them. In domain 3, where the cur
flows at an angle toab planes, and vortices also move
some angle, theJc has an intermediate value.

The temperature dependences of the critical current in
domains were fitted by different functions in different tem
perature regions. First, the interpolation formula of t
collective-creep model31 was used for temperatures below 8
K,

Jc~T!5Jc0 /@11~mT/U0!ln~ t/teff!#
1/m. ~2!

HereJc0 is the critical current in the absence of creep,U0 is
the pinning barrier at zero current, andt and teff are the
characteristic experiment time and an effective attempt ti
respectively. The factor ln(t/teff) is usually taken as a consta
of the order of 30.33,30,17Both Jc0 andU0 will decrease with
temperature as@12(T/Tc)

2#3/2 if one assumes thatJc0

;Hc /l and U0;Hc
2 jDd with Hc;12(T/Tc)

2, l;j
;@12(T/Tc)

2#21/2, andD and d constants.30 The changes
of the power 3/2, as was pointed out in Ref. 30, do not g
an essentially different result. The exponentm is varying
from 1/7 to 3/2 and to 7/9 with decreasing current,31 i.e.,
with increasing temperature. Such a variation can be m
eled by a smooth function m(T)524.16(T/Tc
21.18)(T/Tc10.028).

The same formula forJc(T) is predicted by the vortex
glass theory,32 which is another approach to the collectiv
pinning phenomenon.33 However the exponentm in the
vortex-glass model is a constant close to unity. Bothm
5const andm5m(T) were used in the fits shown in Fig. 12
One sees that both models can reproduce the meas
curves reasonably well in a wide temperature range. For e
domain, the values obtained forJc0 and U0 show little de-
pendence upon the choice of model. The result of the cu
fitting, where we used ln(t/teff)528,n50.5 are as follows: In
domain 1, withJc along thec axis; Jc056.03104 A/cm2,
U051250 K for m5m(T), and; Jc055.73104 A/cm2, U0
51700 K for m51. In domain 2, with the current in theab
plane; Jc051.43105 A/cm2, U051500 K for m5m(T),
andJc051.353105 A/cm2, U051600 K form51.5. For do-
main 3, whereJc is at an angle with respect to the bas
planeJc0 has an intermediate value but the pinning poten
is noticeably larger;Jc057.23104 A/cm2, U053500 K for
m5m(T), and; Jc057.23104 A/cm2, U053000 K for m
52 ~this value ofm which exceeds the theoretical limit wa
also used by other authors, see Ref. 33!.

For single crystals of YBCO a fitting ofJc(T) using the
interpolation formula with constantm from 1 to 1.6 and
ls

m-
u-

llel

r-
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nt

e

e,

e

d-

red
ch

e

l
l

ln(t/teff) from 22 to 33 gave in Ref. 30 a largerJc0 and a
smallerU0 , both differing by an order of magnitude relativ
to our values. An even smaller pinning potential,,25 K,
andJc0 increasing from 73105 to 2.53106 A/cm2 with de-
creasing diameters of 211 particles~from 2 to 0.5mm! were
obtained in melted YBCO.17 However in Ref. 30,Jc was
measured in the field of 1 T (Hic), and in Ref. 17 the ex-
periments were carried out after cooling the samples in
T. This probably explains the larger pinning potential in o
case becauseU0 should decrease withH. Actually, the pres-
ently found values ofU0 do not exceed the range of pinnin
potentials reported for YBCO crystals, e.g., 0.1–0.6 eV
1160–6960 K in Ref. 35, and for ceramics, 0.15 eV or 17
K in Ref. 36. For pinning to occur on an extended defe
with dimension d the appropriate potential (Hc

2/8p)jDd
~with l5lL /&5103 Å, j5A0.54jBCS512 Å,37 and D
;j! will have a value of;0.15 eV ford;65 Å. This size is
quite close to the diameter of the smaller 211 particles
served in melt-processed samples using an elec
microscope.2 On the other hand, this dimension may al
correspond to the length of vortex segments pinned at fa
of larger particles or at other two-dimensional defects l
stacking faults around 211 inclusions, grain and twin bou
aries, as well as cracks.

It should be noted that theJc(T) dependences measure
in Ref. 30 for YBCO crystals were fitted by the interpolatio
formula only up to ;50 K in the semilogarithmic plot,
which tends to hide deviations. In Ref. 17 this fit forJc(T) in
melted YBCO was used only below 35 K, whereas for t
larger temperatures up to;80 K the data were described b
the expression for linear correlated disorder:34 Jc(T)
5Jc0 exp@23(T/T* )2# with Jc0;(126)3105 A/cm2 and
T* ;88– 96 K.

Our data can be fitted in the entire range from 15 to 80
by the single formula~2!. However, the large values foun
for U0 suggest that the weak short-range disorder, due
some pointlike defects, considered in the collective-cre
theory and resulting in the interpolation formula, is not t
only pinning source in melt-processed YBCO. Therefore,
tested also other model descriptions of our data. The ex
nential dependenceJc;exp@2T/T0#, commonly used for
HTSC’s, was found to fit the data only at temperatur
,60 K. The approximate relation,Jc(T);(12T/Tc)

d with
d;1 ~actual values ofd for different domains are given in
Fig. 13! could be used in a wider temperature range. Ho
ever, some deviation from linearity of the log-log plot of th
measuredJc(T) versus (12T/Tc) is seen, especially for the
data obtained for domains 2 and 3. A striking feature of F
13 is the abrupt change of the slope fromd;1 to d;1.7 at
temperatures near 80 K for domain 2 and fromd;0.7 to d
;1.8 for domain 3. Such a behavior indicates a sharp cha
in the vortex dynamics. One possible reason could be a t
sition from elastic flux creep to a plastic motion. This shou
occur due to the increase ofU0 with decreasingJc assumed
in the collective-creep theory.37 In fact, in the case of plastic
TAFF ~thermoactivated flux flow! the pinning potential due
to formation of dislocations in the flux lattice behaves
U0;(12T/Tc),

38 and if one assumes it has a range ofl
;(12T/Tc)

21/2 ~at higher T! one expects Jc;(1
2T/Tc)

1.5. Another option is a weak-link behavior of th
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crystallite boundaries in domains. At lower temperatu
they are frozen away, and form good contacts between
grains, whereas at higherT they can decouple and limit th
current value. The theory givesJc;(12T/Tc)

2 for the
weak-link current nearTc .39 This is close to the dependenc
(12T/Tc)

1.8 fitting our data above 80 K, and could sugge
a superconductor–normal-metal–superconductor~SNS! na-
ture of the junctions determiningJc(T).9 However, as indi-
cated in Ref. 39, in HTSC at high temperatu
superconductor-insulator-superconductor junctions sho
show aT dependence ofJc close to that in SNS.

The weak-link scenario described above is supported
by the temperature variation in the anisotropy ofJc measured
in different domains. Figure 14 shows the ratiok of critical
currents in domains 2 and 1, where the flow is along a
across the basal planes, respectively. From lowT and up to
;60 K the anisotropy ratio is;2.5. This value is smalle
thank525 reported for MP YBCO at 5 K in Ref. 16. How-
ever, it is close tok53 measured at 77 K in Refs. 15 and 2
At higher temperatures the anisotropy was found to incre
sharply reaching twice the value at 80 K.

FIG. 13. Log-log plot ofJc versus (12T/Tc) for all three do-
mains.

FIG. 14. Temperature variation of the current anisotropyJc
ab/Jc

c

obtained fromJc(T) in domain 2 and domain 1.
s
he

t

ld

so
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We also note that in single crystals of YBCO the ra
Jc

ab/Jc
c at lowerT is usually larger@in the range 5–30~Refs.

40–43!# than the presently found value and also valu
obtained15,29 for melted material. By observing the flux entr
on end faces of YBCO crystals we foundk;14 at tempera-
tures from 30 to 50 K. The lowerk in melted samples seem
unexpected because in this case the anisotropy should
crease due to the effects of crystallite boundaries addition
decreasing the current along thec axis in domains. However
the observed results can be explained by the presenc
numerous obstacles~inclusions, cracks, badly conductin
parts of grain boundaries, etc.! for the current flow. This
leads to wiggling current trajectories which thus pass alo
different crystallographic directions and result in a smear
of the effective anisotropy. Our result also differs from t
behavior in 123 crystals where the anisotropy decreases
temperature.44 The sharp increase ofk(T) in our case, cor-
responding to a faster decrease of the current across ali
crystallites, could therefore indicate significant deteriorat
of intercrystallite contacts and formation of weak links at t
boundaries for temperatures close toTc . Additional proof
for the formation of weak links on crystallite boundarie
arises from magneto-optic observations of more numer
bright streaks along them during magnetization at higherT.
This corresponds to decreasing currents across approp
boundaries and easier flux entry along them. The pictur
also consistent with the above discussed noticeable cur
suppression by the field which is known to occur in samp
with weak links.

CONCLUSIONS

In the present work direct magneto-optical observatio
of penetration and trapping of the magnetic flux in me
processed YBCO are carried out in a wide temperat
range. The experiments reveal the behavior of such sam
in bulk applications.

Similar to bicrystal boundaries in YBCO films, th
boundaries between domains with different directions of
c axis show weak-link behavior at misorientation ang
above;10°. Boundaries between crystallites in domains
seen to have weaker superconducting properties at increa
temperatures and fields.

It is shown that the front of the flux penetration in supe
conducting rectangular bars cannot be represented by a
scribed second-order ellipsoid. Instead, an ellipsoid w
sharper rounding in the corners of the samples should
used.

Due to the anisotropy of the critical current the field e
ters in different domains at different depths depending on
orientation of thec axis in the domain with respect to th
sample edges. Appropriate values of the critical currents
extracted from profiles of induction measured across
samples in different domains using computer fitting. T
temperature variation ofJc obtained in this way can be de
scribed by the interpolation formula given by the collectiv
creep theory, although with a large pinning energy. At te
peratures above;80 K a sharp transition to a different flu
dynamics is observed. This can be associated with w
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links at crystallite boundaries in domains which are froz
away, i.e., form good superconducting contacts betw
crystallites at lowerT. Such a picture is supported by a si
nificant increase of the anisotropy ofJc at higherT, which
contrasts the behavior of 123 single crystals where the
isotropy decreases withT.

At lower temperatures the ratio of currents flowing alo
and across basal planes in melt-processed samples turn
to be smaller than in single crystals of YBCO. This can
explained by the wiggling of current trajectories in melt
ct

.

n
n

n-

out
e

samples so that a current path in any direction contains b
c- andab-oriented segments.

ACKNOWLEDGMENTS

The Russian authors acknowledge the International S
ence Foundation~Grants No. RF1000 and RF1300! and the
Russian Superconducting Committee~Grant No. 93211 ‘‘Po-
tok’’ ! for the support. T.H.J. is grateful for the financial su
port of the Norwegian Research Council~NFR!.
,

n-

F.

n-
ji
1S. Jinet al., Appl. Phys. Lett.52, 2074~1988!.
2M. Murakami,Melt Processed High-Temperature Supercondu

ors ~World Scientific, Singapore, 1992!.
3M. Murakamiet al., Supercond. Sci. Technol.4, S43~1991!.
4M. Murakamiet al., Physica C185-189, 321 ~1991!.
5S. Jinet al., Appl. Phys. Lett.54, 584 ~1989!.
6M. Ulrich et al., Appl. Phys. Lett.63, 406 ~1993!.
7A. Zanotaet al., Appl. Phys. Lett.62, 2722~1993!.
8A. Goyal et al., Physica C210, 197 ~1993!.
9E. Z. Meilikhov, Usp. Fiz. Nauk163, 27 ~1993!; Phys. Usp.36,

129 ~1993!.
10D. Dimoset al., Phys. Rev. B41, 4038~1990!; J. Mannhartet al.,

J. Supercond.3, 281 ~1990!.
11A. Polyanskiiet al., Phys. Rev. B53, 8687~1996!.
12S. E. Babcocket al., Nature~London! 347, 167 ~1990!.
13D. Larbalestier, Phys. Today44~6!, 74 ~1991!; D. Larbalestier

et al., Physica C185-189, 315 ~1991!.
14M. Turchinskayaet al., Physica C221, 62 ~1994!.
15S. Gotohet al., Jpn. J. Appl. Phys., Part 229, L1083 ~1990!;

Physica C176, 300 ~1991!; Supercond. Sci. Technol.1S, S226
~1991!.

16Th. Schusteret al., J. Appl. Phys.74, 3307~1993!.
17B. Martinezet al., Phys. Rev. B53, 2797~1996!.
18K. B. Alexanderet al., Phys. Rev. B45, 5622~1992!.
19F. Sandiumengeet al., Phys. Rev. B50, 7032~1994!.
20V. K. Vlasko-Vlasovet al., Physica C222, 367 ~1994!.
21Z. L. Wanget al., Phys. Rev. B48, 9726~1993!.
22Y. Zhu et al., Philos. Mag. A67, 11 ~1993!.
23V. K. Vlasko-Vlasovet al., Fiz. Nizk. Temp.17, 1410~1991!; L.

A. Dorosinskiiet al., Physica C203, 149 ~1992!.
24V. K. Vlasko-Vlasov, U. Welp, G. Crabtree, D. Gunter, V. V

Kabanov, and V. I. Nikitenko, Phys. Rev. B56, 5622~1997!.
-

25V. K. Vlasko-Vlasovet al., Physica C222, 361 ~1994!.
26V. K. Vlasko-Vlasov, V. V. Kabanov, V. Nikitenko, U. Welp

and G. Crabtree, JETP Lett.65, 264 ~1997!.
27M. A.-K. Mohamedet al., Cryogenics33, 247 ~1993!.
28E. H. Brandt, Phys. Rev. Lett.76, 4030~1996!.
29H. C. Fanet al., Physica C185-189, 2331~1991!.
30J. R. Thompsonet al., Phys. Rev. B47, 14 440~1993!.
31M. V. Feigelmanet al., Phys. Rev. Lett.63, 2303~1989!; M. V.

Feigelman and V. M. Vinokur, Phys. Rev. B41, 8986~1990!.
32M. P. A. Fisher, Phys. Rev. Lett.62, 1415 ~1989!; D. S. Fisher

et al., Phys. Rev. B43, 130 ~1991!.
33A. P. Malozemoff, Physica C185-189, 264 ~1991!.
34D. R. Nelson and V. M. Vinokur, Phys. Rev. Lett.68, 2398

~1992!; Phys. Rev. B48, 13 060~1993!.
35Y. Yeshurun and A. P. Malozemoff, Phys. Rev. Lett.60, 2202

~1988!.
36H. S. Lessureet al., Phys. Rev. B40, 5165~1989!.
37G. Blatteret al., Rev. Mod. Phys.66, 1125~1994!.
38V. B. Geshkenbeinet al., Physica C162-164, 239 ~1989!.
39G. Deutscher and K. A. Muller, Phys. Rev. Lett.59, 1745~1987!.
40J. L. Tholenceet al., in Studies of High Temperature Superco

ductors, edited by A. Narlikar~Nova Science, New York, 1990!,
Vol. 6, p. 37.

41D. E. Farellet al., Phys. Rev. B36, 4025~1987!; Phys. Rev. Lett.
64, 1573~1990!.

42M. Gyorgy et al., Appl. Phys. Lett.55, 283 ~1989!.
43K. Schonmannet al., Physica C184, 41 ~1989!.
44J. V. Thomas, G. K. Perkins, D. E. Lacey, J. T. Totty, L.

Cohen, A. D. Caplin, and V. I. Voronkova, inProceedings of the
8th International Workshop on Critical Currents in Superco
ductors, edited by Teruo Matsushita and Kaoru Yamatu
~World Scientific, Singapore, 1996!.


