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Magnetization patterns on different faces of long bars cut from melt-processegdC¥8s ; (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 ¢ 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 thakferandab plane currents
in YBCO single crystals are discuss¢&0163-182807)00938-7

INTRODUCTION tors for improving pinning and thuk. .) in cuprates has been
discussed intensively since the discovery of HTSOtswas

Melt-processed YB&Lu;0;_s (MP YBCO) (Refs. 1 and clarified that their structure depends on fine changes in the
2) is today the most advantageous high-temperature supecomposition as well as conditions of sample preparation and
conductor(HTSC) for many bulk applications like magnetic processing. In turn, the superconducting properties of grain
suspensions, bearings, rotors, and so on. These materiddsundaries should be extremely sensitive to details of their
possess the highest critical curreht;-10° A/lcm?, at liquid-  structure due to the very short coherence length in the
nitrogen temperaturgyielding only to YBCO filmg, a mod-  HTSC's. This results in different effects of the grain bound-
erate decrease df; in external fields, and large areas—so- aries in differently grown samples, and therefore requires a
called structure domains—free of weak links. This allowsdetailed study in a specific material. At present the most
trapping of large magnetic moments, which is important forconsistent investigations of the effects of grain boundaries
many superconducting devices. So far it is not fully under-are performed on artificial film structures grown on bicrystal
stood what is the mechanism of enhandgdn MP YBCO  substrates, see Refs. 9—11, which show deterioration of the
although 211 inclusion$,interfaces between 211 and 123 superconducting properties at boundaries with misorientation
phase$, twin boundaries, or dislocation and stacking angles above-10°. There are also several works on inter-
faults’ generated around 211 particles have been proposed gsown single crystaf~** confirming pinning effects at low-
important pinning centers. It is generally recognized, how-angle grain boundaries and weak-link behavior at high
ever, that the alignment of crystal platesystallite3 having  angles(excluding special orientationsHowever, only a few
a commorc axis within structure domains is the main reasonpapers focus on this problem in melt-processed HTSC's
for a reduced number of weak links in the material. Weak(Refs. 15-1Y, where mostly the magnetic properties of
links are usually associated with grain boundaries and limisamples cut from separate structure domains have been re-
the current-carrying ability of the ceramical HTSC's. In MP ported. An anisotropy of critical currents along and perpen-
samples the boundaries between crystallites in the structudicular to aligned crystallites was observed at(Ref. 15
domains have small misorientation angles, but in some partand 5 K(Ref. 16, and turned out to be less than that for the
cracks and precipitates of nonsuperconducting phases caame directions in single crystals of YBCO. It was also
form during the growth proce$ Nevertheless, these shown that inside domaifithe temperature and magnetic-
boundaries are considered to provide good contact betwedield dependences af. are improved, especially at lower
crystallites due to the existence of well-coupling bridgesfields and higher temperatures, by increasing the content of
Much worse are the superconducting properties at bound211 inclusions, thus indicating their dominant role in bulk
ariesbetweerstructure domains, which in general have largepinning. As for the domain boundaries their effects were
misorientation ofc axes. Peculiarities of the magnetic-flux studied much less. It is only known that due to the structure
behavior due to both types of boundaries are directly studie@mperfection of large angle boundart&$® they should pro-
in the present paper using magneto-optical observations. duce weak links. This was confirmed recently by magneto-

The problem of grain boundariémote that in lowT, su-  optical experimenté’
perconductors the grain boundaries are one of the main fac- In MP HTSC's there are usually several domains having
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differentc-axis orientations so that in a bulk sample the crys-
tallites are aligned at different angles to the sample faces
This should result in inhomogeneous flux and current distri-
butions determined not only by the value and anisotropy of
the critical current in domains, but also by the arrangemeni
of domains relative to the field and the sample edges. The
main goal of the present work was to analyze magnetic-flux
and current patterns in MP samples containing several do
mains using real-time high-resolution magneto-optical tech-
nigues, in order to clarify the role of domain and crystallite
boundaries in the magnetic response of the material at dif &
ferent temperatures. At the same time, effects of the sampl
shape on the magnetization front geometry were studied. Ou
observations directly reveal peculiarities in the behavior of
bulk MP HTSC's in superconducting devices.

EXPERIMENT

Long rectangular bars~0.4x1x10 mm) were cut from
bulk MP YBCO samples containing several structure do-
mains. In the domains crystalline plates are known to be
aligned with a commog axis and withab axes only slightly
(of the order of a few degrepsotated in neighboring
crystallites>*8-1° To determine orientations of the axes in
different domains, samples were polished and the direction:
of cracks along crystallite boundaries and directions of twins
on mutually perpendicular faces were examined in a polariz-
ing microscope. Figures(d) and Xb) show low magnifica-
tion images of domains on two faces of one sample. The
contrast in domains is determined by the bireflectance givinc
different colors for different orientations of crystal axes with
respect to the polarization of the incident light. The same
contrast also appears between the different twins, seen at tt
larger magnification in Fig. (). In Fig. 1(c) one can also see
lines of cracks along the projections of basal planes of crys
tallites in domains on the sample faces as well as 211 inclu
sions of relatively large dimensions. Cracks are interruptec
and bridges between the crystallites are clearly observec
This is a typical picture for MP YBCO. It is known from l
literature, e.g., Refs. 18, 21, and 22, that at boundaries be
tween the domains, and also between crystallites, there ca
be Cu and Ba oxides, some amorphous phases, microcrack a
and oxygen depletion. Electron microscopic observations T_l)y

d

reveal precipitates and twin structures down to
nanometer$®®1%and also numerous dislocations and stack-
ing faults in 211/123 interface regions’ Figure 1d) gives a
schematic drawing of the orientations of crystal plates and
axes in the domains of the present sample retrieved from FIG. 1. (a,b Polarized light image of structure domains on two
twin and crystallite boundary directions on different faces.faces of a rectangular bar of a melt-processed YB@DMagnifi-
Note that in domain 1 the crystallites are oriented normal tgFation of the area marked by a box h). Darker spots of 211
the long edges of the sample bar. In domain 2 the Orientatioﬂart'des' parallel strlpes of twm s.truc.tures, and cracks along pound-
is parallel, while in domain 3 the crystallites are inclined at21€S Of some crystallites are visible in the domaids.Schematics
some angle. of the orientation of crystal platelets and theiaxes in the domains
Samples were glued to the cold finger of an optical cry-Of the sample under study.
ostat and one face was covered with a sensitive iron garnet
film with the in-plane anisotropy. Such a magneto-opticalthe indicator plane with the external field applied normal to
indicator can reveal in a polarizing microscope real-timethe sample face. To quantify the local field a modulation
variations of the normal component of inducti8n on the technique was used which provided measurements of the
sample surface with practically an optical resolution in aFaraday angler in regions~3 um in diameter. By scanning
wide temperature rangé.In the pictures below the image the Faraday angle measurement along chosen tracks, and us-
brightness corresponds to the local-field value observed iing a calibration curvex(B,) for the film, we could obtain
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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 side of the

sample shown in Fig. 1. The polarizers were nearly uncrossed, and color brightness represents the local-field magi@ituade (ln)
H,=935 Oe. In(c) and(d) H,=0 after first applying 1170 O¢e) and (f) show the trapped flux after field cooling in 1170 Oe down to
T=16 K. (g) and(h) show the same after cooling down to 70 K.

profiles of B,(x) in different domains. These profiles were surface, respectively. One observes that the field starts pen-
numerically fitted by calculated induction profiles on the sur-etrating in the boundaries between structure domghigs.

face of a bar with the same length and with the same crosg(a) and 2b)], and that it also escapes first from the same
section(perpendicular to the long side of the sampis the  regions at decreasing field; see the darker lines along the
sample. The critical currert; was assumed to flow parallel poundaries in Figs.(2) and 2d) which show a reduced and

to the long edge in a shell; near the surface at smaller fieldseversed field there. In this case the angles betwesres in

and across the whole bar cross section at total flux penetrgffferent domains exceed 20° and all the boundaries defi-
tion. Currents have opposite signs in two halves of theyjtely show the weak-link behavior. It should be noted, how-
sample. This picture corresponds to the Bean model for thgyer, that no weak-link effects were observed at domain
field entry with a front separating the inner Meissner statg)oyndaries with angles below10° (not shown in Fig. 2in

from the outer shell filled with vortices. The front shape wasije|ds up to 1.5 kOe. The same observation was reported also
selected as a cylindrical surface with a cross section given by, Ref, 20. By direct inspection we found cracks and precipi-
some even order curv@etails described belgwin this way  tates of other phases along the large-angle domain bound-
the qualitative features of measurBg profiles were repro-  aries. However, there were also long segments where no
duced. The characteristic dimensions of the curve togethejch defects showed up within the optical resolution. There-
with the magnitude ofl; were used as fitting parameters. fore, the observed weak-link behavior can be attributed to
From these fits we were able to determine the critical currenytrinsic properties of these boundaries, which is consistent
density and its temperature dependence for different dogjth data for bicrystal boundaries in epitaxial YBCO

mains. structures?®
By increasing the applied field further the screening cur-
RESULTS rents start to form closed loops inside each domain, i.e., they

follow the shape of the domains, and the flux enters inside
both from the sample surface as well as from the domain

Figure 2 illustrates the flux entry and subsequent trappindpoundaries. In a sense, in the high-field magnetization pro-
in the sample shown in Fig. 1. The set of pictures was takewess the domain boundaries behave effectively as additional
with the field applied normal to the bar's wide and narrowsurface area of the sample. Distinct easy penetration direc-

Features of the field penetration
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tions are seen to lie in thab plane. In Fig. 2 this effect 800
becomes most evident by comparing the flux patterns in do-
mains 1 and 2 where crystallites are oriented perpendicular
and parallel to the bar length, respectively. 600 | i
The easier field penetration along the basal plane was pre- -, 7
viously observed in single-domain samples of melt- H
processed YBCO at 10 and 77 (Ref. 15 by Gotoet al, !
and also latert5 K by Schusteret al® The ratio of critical
currents flowing along and perpendicular to the basal plane
estimated from the penetration depth in different directions
was 3 at 77 K in Ref. 15 and 25 & K in Ref. 16. These 200 4~ \\ ;
ratios were smaller than expected for single crystals of ' g
YBCO. We have measured this anisotropy in a wide tem- A 4
perature range as discussed below. , /
At higher magnifications bright spots are visible inside 0 - S AN
domains. They appear due to the flow of screening currents . . . ;
around large 211 particles and show wiggling trajectories of -200 -100 0 100 200
J. in the material(not shown in the pictupe One more X (#m)
source of the pattern irregularity is the crystallite boundaries
in domains. They result in a furlike front of the flux entry in  FIG. 3. Perpendicular induction profiles measured across the zfc
domains with “hairs” along the crystal platelets. This was sample in domain 2 at 15 K. The lowest curve was obtained with
observed also in Ref. 16 but considered as a picture similard,=200 Oe, and for each next curi, was increased by 100 Oe.
to the penetration front in crystals. We emphasize the special

structure of this front showing zigzag trajectories of super{nan into domain 2 at equal applied fields. The difference in

currents due to cra}cks an_d perha_p; also wealf Iinks_ along thge slope of the field profiles shows thit of domain 2 is
crystallite boundaries. This peculiarity results in a differenc igher. Figure 7 illustrates how increasing the temperature

O.f magnetization Processes in MP sampleg as Comp"?“ed nds to flatten the trapped flux profiles in domain 2. This is
single crystals, e.g., it suppresses formation of Meissner,

hole€* and macroturbulent structuf&28which are observed Ju€ 1 @ monotonically decreaside(T). . .

in remagnetized YBCO crystals. Nevertheless, for the esti-. To model the obseryed flux proﬁ_les conS|d(_er first the
mation one may treat the present flux patterns in terms of aﬁ'mple case of a plate in a parallel field assuming that the
averagel, flowing at an appropriate angle to the crystallites,f ux .penetratlon.front is parallel to the faces, see Fig. 8.. Nu-
neglecting that the actual current trajectories are wiggling. Merical calculations oB,,(x) for current sheets of increasing

After turning on and switching off the applied field the thlcknes_s and of_ constant current densﬂy are shown. In the
width of bright rim representing trapped flfikigs. 2c) and calculations, which are based on the Biot-Savart law, the
2(d)] directly shows the ratio of critical currents flowing in rectangular cross section of the bar was set equal to that of
different domains along their boundaries. If the sample ighe sample and the field was evaluated in a plangn®
cooled in a field which is subsequently switched off at lowabove the upper bar face corresponding to the plane of the
temperature the flux will escape from the boundary regions
in accordance with the appropriate critical currents in the 1200
domains. In this case the flux of opposite polarity due to the
return field of the trapped flux enters along the boundaries
and near the sample edgdsgs. 2e) and Zf)].

At higher temperatures the penetration fields become es-
sentially smaller and the anisotropy increases. However, the
qualitative features of the magnetization processes remain
the same, as can be seen by comparing Figs.ahd Zf) at
16 K and Figs. &g) and Zh) taken at 70 K.

400

B, (Oe)

Field profiles

Field profiles measured across the sample during penetra-
tion and trapping of magnetic flux in domains are shown in
Figs. 3 and 4. The set of profiles in Fig. 3 are measured on
the narrow face of the bar in domain 2 after application of

fields starting from 200 Oe and increasing in steps of 100 Oe -200 . . . —
at 15 K. Figure 4 shows the same field scan after the sample -200 -100 0 100 200
was initially cooled to 15 K in various applied fields, which X (pin)

subsequently were switched off. The same sets of profiles

obtained for domain 1 are shown in Figs. 5 and 6. While the FIG. 4. Profiles of the trapped flusH,=0) in domain 2 after
general changes of the profiles are the same in both domainsoling to 15 K in fields from 20@lower) to 1000(uppe) Oe with
it is evident that flux penetrates more easily into domain 1steps of 100 Oe.



56 MAGNETO-OPTICAL STUDIES OF MAGNETIZATION @ . .. 11983

1000 1200
1000 -
800 -
800 -}
600 -\
3 < 600 -
= o
@ 400 —\ =
\ M 400
200 \ 200 4
T T T T
-200 -100 0 100 200 200 ’ :
X (pm) -200 0 200
FIG. 5. Flux penetration in domain 1 for the same conditions as X (pm)
in Fig. 3.

FIG. 7. Temperature changes of the trapped flux profile in do-
indicator film. The edges of the rectangle were rounded withnain 2 after field cooling irH,=1 kOe. The curves were obtained
a radius of curvature of~8 um, simulating the sample for T=11, 40, 63, 69, 76, 79, 82, 85, 87, and 88.5 K.
shape after polishing.

A qualitative discrepancy between calculated and mea-
sured profiles is seen at their wings outside the sample edges.
Here the experimentd,(x) displays a maximum near the

edge at the smaller field$ig. 3. In larger fields this peak By using different powers this describes various “ellip-
vanishes, and the flux profile becomes monotonically insoids” inscribed into a rectangle with sidesand b. At
creasing towards a level given by the applied field. The obiarger powers the front will bend more sharply in the corners,
served field concentration near the edges is caused by CUs illustrated in Fig. 9. With increasing applied field the flux
rents flowing in the corners where the initial flux penetrationfront was assumed to shift inwards from the sides but not
takes place. One possible reason for the change in the profifgom the top and bottom. Thus, the penetration front is de-
shape could be a suppressionJfin the cornersie.g., as  formed only by a shortening of treaxis of the ellipsoid. In
discussed in Ref. 27by the enhanced external field. How- the calculations the shell carryidg was divided into square

ever, there is also the possibility that the effect is related tgjlaments withAxx Az~0.85x<0.85um?2 To allow a more
the displacement of the magnetization front. To clarify this

we modeled the penetration front by a cylindrical surface

(x/a)®"+(y/b)?"=1. (1)

with a cross section given by 12
1200
0.9 -
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800 | 206 -
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=
< 600 =
<] | <03 -
9 0
@ 400 -
200 - 0.0
0 0.3 : , ,
0 100 200 300
-200 T 1 T T X (um)
-200 -100 0 100 200 H
X ( gm) FIG. 8. CalculatedB,(x) on the top face of an infinitely long

rectangular bar with currents flowing along the sides as shown in
FIG. 6. Profiles of trapped flux in domain 1 for the same con-the insert. The graphs illustrate how the profiles develop with in-
ditions as in Fig. 4. creasing thicknesd of the current carrying layer.
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06 eters from the comparison of field values in the middle and at
the wings of measured profiles.

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

We also notice that if a fielt , is applied to a zero-field-

I , , cooled(zfc) sample and then switched off, the remnant flux

100 200 300 profile will have a maximum noticeably less than the naively

X (pm) expectedH /2. Therefore, in this remnant state the profile
has a smaller slope than in the trapped flux state produced by

FIG. 9. Profiles oB,,(x) on the top surface of an infinitely long field cooling. In the first case the flux initially enters the
rectangular bar carrying currents in the shell limited by the barsample with an “elliptic” front, which at large applied fields
faces and different cylindrical surfaces with cross sectita)?®  Will go to the very center. The flux exit process then leads to
+(y/b)>"=1, i.e., an “ellipsoid” of ordem. Curves are shown for a second elliptic front. Between the ellipses a positie
n=1, 2, 3, and 4 where calculations were made for flux penetratioflows and between the outer ellipse and the sample surface
depthsd= 0. The slight dip in the profiles near the center is due tothe current has the opposite sign. Superimposing the field
the spatial discretization made in the calculations. The current wafrom +J. and — J. in layers of different effective thickness
set equal to zero in filaments close to the face center, where thghe result is a reduced slope Bf,(x).
current carrying layer is less thaxe, in thickness. The inset illus- Our results(Figs. 3—6 show that the profiles of flux
trates how ellipsoids of different order vary in shape. trapped after field cooling have features different from those

obtained by application of the same fields to the zfc bab, If
detailed description of the surface layer the filaments at thavere only a function of temperature, and one neglects a
top and bottom were chosen withx;=Ax and Az,  Meissner current contributiofnot seen in the experiment
=0.1Az. one should expect in the fc case that after settihg=0, a

There is initially a peak irB,(x) near the sample edges flux gradient will be present in the same regions as those
for all powersn. The squeezing of the short ellipsoid axis, invaded by flux in the virgin state when the same field is
which also implies a displacement of the strongly bent par@pplied. Thus, profiles of trapped flux should coincide with
of the penetration front away from the rectangle cornersthe inverted penetration profiles. This is in fact observed at
reduces the peak. Eventually the peak vanishes completelysmall fields. At larger fields, however, only the slope near the

Comparison with the experimental profiles of Fig. 3 edges is the same for the fc and zfc profiles. Differences are
shows that the ellipsoid of the second order=(1) is not a  seen in the central parts and also in the profile wings outside
good description of the penetration front. The predicted prothe sample edges. First of all, instead of the plateau observed
files B,(x) for n=1 clearly lack the abrupt change from the in the zfc case there is a slope in the central region which
flat central part to the steep slopes of the U-shaped profileiicreases wittH, for the fc sample. It is smaller than the
observed experimentally. By increasing the power the calcuslope near the edges and corresponds to smaller currents
lated profiles attain the characteristic “bucket” shape first atflowing in the interior as compared to a larg&r near the
n=3, where also the nearly linear drop®f near the sample edge. The finite slope in the middle of the fc profiles is
edges is reproduced. Thus we conclude that the flux penetrassociated with a deeper location of the flux exit front, i.e.,
tion front in rectangular bars has initially a shape which isan expansion of the current-carrying shell as compared to the
strongly bending near the corners. This is in accordance witlafc case, and also a field suppression of the magnitudg of
a recent calculation, due to Brandt, on the electrodynamicah the central region. During virgin magnetization of the zfc
problem for magnetization of long rectangular bars in transsample the flux front enters less deeply aiRds suppressed
verse field$® The induction lines in Fig. 1 of Ref. 29 just only near the corners. By increasing the field in which the
show stronger bending in the corners of the rectangles at th&ample is cooled the current-carrying shell formed by setting
initial stages of magnetization. The bending becomes smootH ;=0 will expand inside the bar, and a peakdp(x) above
only at fields about half of the total penetration field. Notethe sample should become sharper in spite of the effect of a
that during the displacement of the penetration front the posifield-dependeni.. This explains the increasing steepness of
tive field above the sample in Fig.®e remind the reader the fc profiles in the center of the bar at largey in Figs. 4
that this is only the field due td. which should be added to and 6.
the external fieldH,, is increasing much stronger than the  As discussed above, the observed wings of the zfc profiles
negative one decreases outside and their ratio becomesitside the sample edges change from being nonmonotonic
larger. This helps to make initial estimates of fitting param-to monotonic with increasing applied field. In the fc profiles

0.3

0.0

B, (arb. units)

-0.3 -
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FIG. 10. Measured and fitted profiles Bf,(x) in domain 2 in FIG. 11. Measured and fitted profiles Bf,(x) in domain 2 in

the field-cooled case. Shown are results for cooling to 15 K inhe zero-field-cooled case.
applied fields of 200, 600, and 1000 Oe.

. . N sured profiles had the triangular shape and were treated as
the wings are always nonmonotonous in cooling fields up tqs (x) near the top face of an infinite bar with opposite di-
1 kOe. In this case the currents near the edges are maximufll +o43 in two halves

c .

because the local field in these regidaster switching off Profiles of the trapped flux measured after field cooling

Ha) is small,_and this gives rise to the obseryed wing Shapeand switching off the field were also fitted by the model of

The suggestion that the change of thg zfc wing shapg Is dugs enclosed ellipsoids, except now with the larggin the

tq the field suppression of currents is con_5|stent with th_ebuter shell. In this case the critical current is suppressed by

discussed model. If the effect would be dominated by a shiff, o large field trapped in the interior part. Measured profiles

of the penetration front a similar wing behavior should behaving a distinct triangular shape were fitted by assuming a

expgcted also in the fc case. . critical state in the whole sample. The fitting values of the
Figure 10 shows a comparison of measured trapped ﬂuf%rger critical current]él) were practically the same for fc

Br(x) after fc with calculated profiles for a bar containing and zfc profiles measured along the same track. They were

currents which decrease towards the interior. To simplify th X X .
calculations the continuous decrease of the current Corrgherefore taken as the small-field valuelgfin the appropri-

. ) . . ate domains. The results are presented in Fig. 12.
sponding toJe(H) was discretized by having two zones The J.(T) curves in all three domains have qualitativel
where the outer carries the largdf") and the inner the ¢ d y

@) . ) i ~ . the same shape. They are slightly curved upward towards
smallerJ;”’. The geometry is shown in the inset, and fitting

parameters are given in the figure caption. Figure 11 shows
similar calculations for the zfc profile with a small&rin the
outer ellipse. The correspondence of calculated and mea-  § 5«05
sured curves appears quite reasonable and supports the sug

gested physical picture. .

TEMPERATURE DEPENDENCE AND ANISOTROPY “‘g
OF CRITICAL CURRENTS é’
_,u

The values of the critical currents were obtained by fitting
measured profiles dB,(x) across the samples in different
domains. At low temperatures, when the available fields
were not sufficiently large for a total penetrati@n<20 K in
domain 1 and<50 K in domain 2, the front of the magne-
tization was modeled by the sixth-order ellipsoid. Bdth
and the axis of the ellipsoid normal to the field were used as , . ‘ .
fitting parameters. Also a field suppression Xf near the 0 20 40 60 80 100
sample edges was accounted for in the calculations by intro- T(K)
ducing a larger ellipsoid outside where the critical current
had a smaller value. This was necessary in order to repro- FiG. 12. Temperature dependencelpfderived from measured
duce the observed wing shapes of the profiles. At higheflux profiles B,(x) for domains 1,2,3. Fitting ofl(T) using u
temperatures, where the penetration was complete, the mea-<constant and the interpolation formule= w.(T) are shown.
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low temperatures and drop with increasing slope riear  In(t/ty;) from 22 to 33 gave in Ref. 30 a largég, and a
Such a behavior is commonly observed in single crystalgmallerU,, both differing by an order of magnitude relative
(see, e.g., Ref. 30, and references theraind also melt- 5 our values. An even smaller pinning potentiai25 K,
processed samples of YBC’éHoweyer, in single crystals andJ,, increasing from & 10P to 2.5x 10° Alcm? with de-
the current decreases faster especially at intermediate eMreasing diameters of 211 particldgom 2 to 0.5um) were
peratures, while in melted ceramics it changes more gradLBbtained in melted YBCA’ However in Ref. 30,J, was

ally and then drops sharply at>80 K. In domain 1, where measured in the fieldfd T (Hllc), and in Ref. 17 the ex-

the crystallite boundaries are normal to the edges and parallel . . . .
to theyfield directionJ. has the smallest vall?e and dprops periments were carried out after cooling the samples in 5.5
~C

faster with temperature than for the other domains. This cur-r' This probably explains the larger pinning potential in our

rent flowing acrossib planes controls the flux motion along case becausd, should decrease witH. Actually, the pres-
them and should be smaller as compared tin domain 2, ently found values o), do not exceed the range of pinning

where it flows along the basal planes and resists motion dpotentials reported for YBCO crystals, e.g.,, 0.1-0.6 eV or
vortices at an angle to them. In domain 3, where the current160-6960 K in Ref. 35, and for ceramics, 0.15 eV or 1700
flows at an angle tab planes, and vortices also move at K in Ref. 36. For pinning to occur on an extzended defect
some angle, thé, has an intermediate value. with dimensiond the appropriate potentialHc/8m)¢Ad
The temperature dependences of the critical current in thévith X=X\ _/v2= 10 A, &=.0.54 ses=12 A% and A
domains were fitted by different functions in different tem- ~ £) will have a value of~0.15 eV ford~65 A. This size is
perature regions. First, the interpolation formula of thequite close to the diameter of the smaller 211 particles ob-
collective-creep mod&} was used for temperatures below 80 served in melt-processed samples using an electron
K, microscopé& On the other hand, this dimension may also
correspond to the length of vortex segments pinned at faces
(M =Jco/[1+ (uT/Ug)IN(t/tee) ]V~ (2)  of larger particles or at other two-dimensional defects like
stacking faults around 211 inclusions, grain and twin bound-
HereJ, is the critical current in the absence of creblp,is  aries, as well as cracks.
the pinning barrier at zero current, amtdand te; are the It should be noted that th&.(T) dependences measured
characteristic experiment time and an effective attempt timein Ref. 30 for YBCO crystals were fitted by the interpolation
respectively. The factor Ity is usually taken as a constant formula only up to ~50 K in the semilogarithmic plot,
of the order of 36™°**"Both J ., andU, will decrease with  which tends to hide deviations. In Ref. 17 this fit f(T) in
temperature ag1—(T/To)?]¥? if one assumes thall,,  melted YBCO was used only below 35 K, whereas for the
~Hc /N and Ug~H2 ¢Ad with Ho~1—(T/T)?, A~¢ larger temperatures up t080 K the data were described by
~[1—(TIT)?] Y2 andA andd constants® The changes the expression for linear correlated disorderd.(T)
of the power 3/2, as was pointed out in Ref. 30, do not give=J., exd —3(T/T*)?] with J,~(1—6)x10° Alcm? and
an essentially different result. The exponentis varying  T*~88-—96 K.
from 1/7 to 3/2 and to 7/9 with decreasing curréhi,e., Our data can be fitted in the entire range from 15 to 80 K
with increasing temperature. Such a variation can be modby the single formulg2). However, the large values found
eled by a smooth function u(T)=-4.16(T/T. for U, suggest that the weak short-range disorder, due to
—1.18)(T/T;+0.028). some pointlike defects, considered in the collective-creep
The same formula fod (T) is predicted by the vortex- theory and resulting in the interpolation formula, is not the
glass theory? which is another approach to the collective- only pinning source in melt-processed YBCO. Therefore, we
pinning phenomenof® However the exponenj in the tested also other model descriptions of our data. The expo-
vortex-glass model is a constant close to unity. Beth nential dependencd.~exd—T/Ty], commonly used for
=const andu= u(T) were used in the fits shown in Fig. 12. HTSC's, was found to fit the data only at temperatures
One sees that both models can reproduce the measureds0 K. The approximate relatiodq(T)~(1—T/T.)? with
curves reasonably well in a wide temperature range. For each~ 1 (actual values of for different domains are given in
domain, the values obtained fdgy and U, show little de-  Fig. 13 could be used in a wider temperature range. How-
pendence upon the choice of model. The result of the curvever, some deviation from linearity of the log-log plot of the
fitting, where we used It.)=28,n=0.5 are as follows: In  measured(T) versus (ET/T,) is seen, especially for the
domain 1, withJ, along thec axis; J;o=6.0x 10" Alcn?, data obtained for domains 2 and 3. A striking feature of Fig.
Uo=1250K for u=u(T), and;J=>5.7X10* Alem?, U, 13 is the abrupt change of the slope frém 1 to 6~ 1.7 at
=1700K for u=1. In domain 2, with the current in treb  temperatures near 80 K for domain 2 and frém 0.7 to &
plane; J.o=1.4xX10° Alem?, Uy=1500K for w=u(T), ~1.8 for domain 3. Such a behavior indicates a sharp change
andJo=1.35x10° A/lcm? U,=1600 K foru=1.5. For do- in the vortex dynamics. One possible reason could be a tran-
main 3, whereJ. is at an angle with respect to the basal sition from elastic flux creep to a plastic motion. This should
planeJ., has an intermediate value but the pinning potentialoccur due to the increase bfy with decreasingl. assumed
is noticeably larger;l.,=7.2x 10* Alcm?, U,=3500 K for in the collective-creep theoR/.In fact, in the case of plastic
w=pu(T), and; J,o=7.2x10* Alcm?, Uy=3000K for u  TAFF (thermoactivated flux floythe pinning potential due
=2 (this value ofu which exceeds the theoretical limit was to formation of dislocations in the flux lattice behaves as
also used by other authors, see Ref). 33 Uo~(1—T/T),*® and if one assumes it has a range)of
For single crystals of YBCO a fitting af,(T) using the ~(1—T/T) Y2 (at higher T) one expects J.~(1
interpolation formula with constant from 1 to 1.6 and —T/T.)*° Another option is a weak-link behavior of the



56 MAGNETO-OPTICAL STUDIES OF MAGNETIZATION @ . .. 11987

We also note that in single crystals of YBCO the ratio
J2°/3¢ at lowerT is usually largefin the range 5-30Refs.
40-43] than the presently found value and also values
obtained®?°for melted material. By observing the flux entry
on end faces of YBCO crystals we fourd- 14 at tempera-
tures from 30 to 50 K. The lowet in melted samples seems
unexpected because in this case the anisotropy should in-
crease due to the effects of crystallite boundaries additionally
decreasing the current along thexis in domains. However,
the observed results can be explained by the presence of
numerous obstacleéinclusions, cracks, badly conducting
parts of grain boundaries, etdor the current flow. This
leads to wiggling current trajectories which thus pass along
different crystallographic directions and result in a smearing
10° , of the effective anisotropy. Our result also differs from the

1 10 100 behavior in 123 crystals where the anisotropy decreases with

TATT) temperaturé” The sharp increase of(T) in our case, cor-
responding to a faster decrease of the current across aligned

FIG. 13. Log-log plot ofl,, versus (+T/T) for all three do-  crystallites, could therefore indicate significant deterioration
mains. of intercrystallite contacts and formation of weak links at the

boundaries for temperatures closeTg. Additional proof

chrystallltef boundaries in éj?malns. 'gt lower te?peratureﬁor the formation of weak links on crystallite boundaries
they are frozen away, and form good contacts between thgycaq from magneto-optic observations of more numerous

grains, whereas at highdr they can decouple aznd limit the bright streaks along them during magnetization at higher
current value. The theory give§.~(1—T/T;)* for the . . :
) 3G e This corresponds to decreasing currents across appropriate
weak-link current neaf . .>” This is close to the dependence . . ; :
18 girns boundaries and easier flux entry along them. The picture is
(1—T/T,)~* fitting our data above 80 K, and could suggest : ) : .
also consistent with the above discussed noticeable current

a superconductor—normal-metal-supercondu¢gMS na- i , L )
ture of the junctions determining,(T).° However, as indi- suppression by the field which is known to occur in samples
i with weak links.

cated in Ref. 39, in HTSC at high temperature
superconductor-insulator-superconductor junctions should
show aT dependence al, close to that in SNS.

The weak-link scenario described above is supported also CONCLUSIONS
by the temperature variation in the anisotropylgfmeasured
in different domains. Figure 14 shows the rati®f critical
currents in domains 2 and 1, where the flow is along an
across the basal planes, respectively. From Toand up to
~60 K the anisotropy ratio is-2.5. This value is smaller
thanK_—_25 reporteg for MP YBCO®5 K n Ref. 16. How- Similar to bicrystal boundaries in YBCO films, the
ever, it is close toc=3 measured at 77 K in Refs. 15 and 29. . : L o

. . . boundaries between domains with different directions of the
At higher temperatures the anisotropy was found to increase ™ __. h klink behavior at misorientation anales
sharply reaching twice the value at 80 K. € axis s 2W weak-in Vi Isoriental ANg
above~10°. Boundaries between crystallites in domains are
6 seen to have weaker superconducting properties at increasing
temperatures and fields.

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

Due to the anisotropy of the critical current the field en-

o ters in different domains at different depths depending on the
orientation of thec axis in the domain with respect to the
sample edges. Appropriate values of the critical currents are
extracted from profiles of induction measured across the
1 . T samples in different domains using computer fitting. The
0 30 60 20 temperature variation af; obtained in this way can be de-
T(K) scribed by the interpolation formula given by the collective-
creep theory, although with a large pinning energy. At tem-

FIG. 14. Temperature variation of the current anisotrdgy/J¢  peratures above-80 K a sharp transition to a different flux

obtained fromJ(T) in domain 2 and domain 1. dynamics is observed. This can be associated with weak

J, (Alem?)

In the present work direct magneto-optical observations
f penetration and trapping of the magnetic flux in melt-
processed YBCO are carried out in a wide temperature
range. The experiments reveal the behavior of such samples
in bulk applications.
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links at crystallite boundaries in domains which are frozensamples so that a current path in any direction contains both
away, i.e., form good superconducting contacts between- andab-oriented segments.
crystallites at loweiT. Such a picture is supported by a sig-

nificant increase of t.he anisotropy af at higherT, which ACKNOWLEDGMENTS
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