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Magneto-opticalMO) imaging has been used to visualize and calculate magnetic flux and current distribu-
tions at temperature ranging from 7 to 80 K in thin-filn[001] tilt YBa,Cu;O;_ s bicrystals with misorien-
tation angles 3%0<10°. A characteristic cusp in the flux distributi®y(x,y) was observed for 5260<7°,
which is shown to indicate that the critical current dendjgyacross the boundary is smaller than the intragrain
J.. We use the Bean model for thin-film superconductors to calculate the observed featureBgfxtlyg
distribution and to separate both the intragrdirand intergraind,(6) independently from the MO data. The
study of angular and temperature dependencied, 6T, 6) in bicrystals with differentd shows thatl,(6)
strongly decreases with above 6~5°. The decrease aof,(T,6) with temperature becomes weaker as the
misorientation anglé® is increased, so the substantial differencdjrfor 5° and 7° boundaries at oW turns
out to be less pronounced at liquid-nitrogen temperatures. In addition, thelgatior)/J.(T) for low-angle
grain boundaries is shown to exhibit an anomalous increaseithus indicating that the grain boundaries
can provide additional flux pinning. This is plausibly associated with the grain boundary dislocations that
accommodate the misorientation of the grains.

[. INTRODUCTION mits a direct observation of the evolution Hf(r) and J(r)
distributions for differentd, and thus permits the extraction
Planar crystalline defects, such as grain and twin boundef the J,(6,T) dependencies. MO studies can also be very
aries, intergrowths and stacking faults can impose limitation&elpful in tracing the crossover from strongly to weakly
on the critical current density, of high-T, superconductors coupled grain boundaries upon increaséhgnd in determin-
(HTS) because the short coherence length of these materiald Whether boundaries are uniform in their properffes.
tends to make planar defects weakly cougledigh angle Thgsg characterlstlcs may prove to be important fOIt further
grain boundaries are particularly effective barriers to currenfPtimization of polycrystalline HTS materials, especially in
flow. There is an extensive literature on the dependence d{dnt Of recent reports of extremely h|g§2values observed
the intergrain critical current densidy, on the misorientation I YBa,Cls0;_; thick-film composites. I
angle 6 of bicrystals. For example, the transport data for tilt In this paper we present the result.s qf quh a quantitative
and twist grain boundaries in YBAWO, , thin-film magneto-optical study of the flux distribution and critical

. 05 - current density off001] tilt grain boundaries in thin-film
glcrr]yst_a@ |nd|(|:ate al\)stron% depeBndend(:eT.lltgéa). dS'rS'_:_aSr thi YBa,Cu;0;_ bicrystals. The paper is organized as follows.
ehavior was aiso observed on bl an -ase "N In Sec. Il we describe the samples used in this work and

1 10-16 : ;
films.”~The temperature and field dependenciesipfan  , osent the angular dependencies pbbtained by transport
vary significantly from sample to sample. For large angles ,oasurements.

Jp can generally be described by modeling the grain bound- |, sec. 11l we present detailed MO images of the mag-
aries as superconductor-insulator-superconductor or supgfatic flux penetration into grain boundaries wihranging
conductor—normal-metal—superconductor long Josephsofiom 3° to 10°. We describe a characteristic cusp in the
contacts, although some high angle grain boundaries do n@,(x,y) distribution at the film center which indicates a sub-
exhibit weak link behaviot!~# stantial J,, across the boundary. The cusp was found to be
Studies of magnetization currents around grainmost pronounced fof~5°, decreasing both for smaller and
boundarie¥ = and twin boundari€$—"in HTS thin films, larger 6.
ceramics, and single crystals have been performed with the In Sec. IV we interpret the observed distributiBy(x,y)
magneto-opticalMO) technique and with scanning electron within the framework of the Bean model for thin flat super-
microscopy’® The MO technique, by allowing a direct visu- conductors in a perpendicular magnetic figtt},. For fields
alization of magnetic flux penetration into the sample, hadarger than the full penetration field, an analytical formula for
shown that preferential flux penetration occurs along grairB,(x,y) is obtained which qualitatively describes the ob-
and twin boundaries, thus indicating thktis lower than the served features dB,(x,y) and the flux profiles around the
intragraind, . The qualitative dependence of the flux penetra-boundary.
tion on 6 has been determined in bulk YB2WLO,_; In Sec. V we propose a method to extract batrandJ,
bicrystal?® but there has been no quantitative MO study offrom the MO data and thus to study the temperature and
the angular dependence of the intergrain and intragrain critiangular dependencies @f without any contributions from
cal current density in either bulk or thin-film samples. Suchthe intragrain regions which are necessarily present in trans-
studies are of particular value, since the MO technique perport measurements on bicrystals. For lower angle boundaries
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] FIG. 2. Geometry of the sample and the mutual orientation of
ol i the grain boundary and external magnetic fi¢ldjlz. For calcula-
’ tions the film thicknesd was assumed to be negligiblé€w), and
Py x=y=0 was the center of the grain bounda#is the tilt misori-
0.2 - ) | entation angle between the grains.
: finite grain boundary resistance appears at about 5°-7°, in-
0.0 (') é 1'0 s dicating the appearance of a significant barrier to current

flow in the boundary. Transmission electron microscopy of
© (deg) the 10° bicrystal showed that the grain boundary contained
primary grain boundary dislocations separated by compara-
FIG. 1. Ratio of intergrain to intragrain critical current density, tively undisturbed lattice. These good channels appear to
Jp/Jc . versug001] misorientation angled, atT=77 K andH,=0.  ¢lose between 10° and 15°. Although there are differences of
details between these films and those studied by others, their
(6<7°), we found that the ratia),(6,T)/J.(T) exhibits a overall behavior is qualitatively similar to that observed
substantial increase witli, becoming of order unity about previously?>7-16
the irreversibility line. By contrast, for the 10° bicrystal the

ratio J T)/J.(T) remains much smaller than 1 at all
b(a' ) C( ) I1l. MAGNETO-OPTICAL IMAGES OF GRAIN

BOUNDARIES

We used the MO technique described in Refs. 31,43,44 to

The samples were formed by growing YfaLO,_;  image the normal field componeBt(x,y) produced by the
c-axis oriented films on thE01] surface of 210 mm sym-  magnetization currents with aj2m thick Bi-doped Y-garnet
metric tilt SrTiO; bicrystals, whos¢001] axes were parallel indicator film placed directly onto the sample surface. MO
with an accuracy better than 1°. The films were grown byimages were taken for the magnetic fiéld applied perpen-
pulsed deposition using a KrF pulsed laser system operataticular to the surface of the bicrystal and parallel to the crys-
at 5 Hz and wavelength 248 nm at an energy density 1.4al c axis and to the axis of the coordinate system, as shown
Jlcnf and 0.05 nm/pulse growth rate. The bicrystal sub-in Fig. 2. The grain boundary plane thus lies in ghecoor-
strates were held at approximately 760 °C in 210 mTorr oxy-dinate plane. Images were recorded on a videotape and then
gen during growth and then slowly cooled to room temperaimported into a digital image processor in order to derive
ture in 800 mTorr oxygen. The film thicknesses ranged fromabsolute values dB,(x,y) as described in Refs. 45,46.

150 to 250 nm and had superconducting transition tempera- Figures 3—6 show examples of different stages of mag-
tures, T., between 88-90 K, resistance ratiB$300 K)/  netic flux penetration in the bicrystals with=3°, 5°, and
R(100 K) of about 2.5, and intragrain critical current densi- 10°. The bright regions of partial flux penetration correspond
ties, J., in the range of 1-5 MA/cffor 77 K andH,=0. to higher values of the normal field componeBj(x,y),

We performed four probe measurements of both the interwhile the dark central stripes are vortex-free regions, where
grain and intragrain voltage-curren¥{l) characteristics of only Meissner currents flow. As seen from Fig. 3, the 3°
our bicrystals’® Gold for the contacts was evaporated ontograin boundary only weakly disturbs the magnetic flux dis-
the films using a shadow mask to protect the grain boundariribution, in agreement with the transport data in Fig. 1
region, and the current and voltage taps were then photowhich indicate thatl, for #=3° is close to the intragraid .
lithographically patterned onto the sample. The distance beBy contrast, the 10° bicrystal shown in Fig. 4 exhibits two
tween the voltage probes was 1Qfn across the grain separate “pillowlike” flux patterns characteristic of edges of
boundary and 50@:m across the grain. The width of differ- thin flat superconductors in a perpendicular figtd’=>*In
ent bridges on the films varied between 5 and 1. Dif-  this case the grain boundary gives rise to a strong electro-
ferent bridges were selected, depending on the capability ahagnetic decoupling of the two grains of the bicrystal, in
the power supply and the critical curreht of the bridge. each of which the magnetization currents become practically
After patterning, excess YB@u;O;_; was removed using independent. This is again in qualitative agreement with the
Ar etching. transport data in Fig. 1 which shows thR{(10°) is of order

Figure 1 shows the zero field angular dependence of th6.1J.. The 5° and 7° bicrystals correspond to an intermediate
ratio of intergrain to intragrain critical current density, regime between the above extremes, for which their larger
J,(6)/34(6). 3y, lies in the range 1-810° A/lcm? for fup to  values ofJ, significantly affect the distribution oB,(x,y).
7° but falls to 3—410° A/lcm? for the 10° bicrystals. A fuller  The interesting qualitative feature of the 5° bicrystal patterns
description of these results is presented by Heatigl®® A shown in Fig. 5 is a characteristic cusp By(x,y) which

Il. SAMPLE GROWTH AND CHARACTERIZATION
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FIG. 4. MO images of different stages of magnetic flux penetra-
tion into the 10° grain boundary for ZFC at=7 K andH,=240
Oe (a), 480 Oe,(b), and 800 O€c).

Shown in Fig. 9 are representative MO images of the 5°
bicrystal taken at different temperatures, the images exhibit-
ing the characteristic field distributioB,(x,y) expected
from the Bean modéf%2 The bright regions correspond to

FIG. 3. MO images of different stages of magnetic flux penetrathe above-mentioned field enhancement at the grain bound-
tion into the 3° grain boundary for ZFC &=7 K andH,=212 Oe,  ary and the film edges. Darker strips which make the angle
(a), 376 Oe(b), and 748 Odc). with the film edge correspond to the regions where magne-

bisects the center of the boundary. This cusp is a direct corfization currents sharply changég_gllre)el%non.. For an isotropic
sequence of a significad,, as will be shown below. For the Jc. the anglea should equal 45%-5-*-%while derivations

7° bicrystal, the cusp irB,(x,y) was less pronounced. It from 45° indicate either an anisotropy of the bulk,>> or a
should be emphasized that this cusp is not due to Meissn&fonzeroJ, across the bounda_??. For the samples used in
screening currents flowing in the central part of the film inthis study we checked the anisotropy Xfin the ab plane

the zero-field-cooledZFC) regime of incomplete flux pen- and found it to be negligible, since the MO images of the
etration. This follows from Fig. 6 which shows the sameréctangular sample edge all showedo be temperature in-
cusp inB,(x,y) for the trapped flux in the field cooled re- dependent and close to 45°. This is consistent with the fact

gime for which there are no Meissner currents flowing in thethat & characteristic spacing between twin planes in thin films

film center. is typically of the order of Jum, thus makingl, isotropic on
Figures 7 and 8 show typical flux profiles taken in differ- the scale resolved by MO imaging. By contrast, as seen from

ent directions with respect to the grain boundary of the 5¥19- 9, the anglen for the 5° bicrystal was quite different

bicrystal. Here there is a local enhancemerBgix,y) inthe ~ from 45° and noticeably changed with This fact indicates

grain boundary plane, whose relative magnitude depends dijfferent temperature dependencieslpfandJ, and enables

the positiony along the boundary. Such a flux focusing effect US t0 extract both the ratid,(T)/J¢(T) andJy(T) from the

indicates preferential field penetration into the boundaryMO images, as will be shown below.

which is similar to the large demagnetization enhancement of

B,(x,y) at the edge of a flat thin superconductor in a perpen-

dicular field*34952-%0 The flux profiles taken along the V. BEAN MODEL CALCULATIONS

boundaryB,(x,y) shown in Fig. 8 exhibit a quite different The qualitative features of thB,(x,y) distributions de-

nonmonotonic behavior, which will be discussed in more described above can all be accounted for by the Bean model in

tail in the next section. which the current flows around and across the grain bound-



8690

FIG. 5. MO images of different stages of magnetic flux penetra-

tion into the 5° grain boundary for ZFC @t=7 K andH,=200 Oe

(a), 400 Oe(b), and 720 Oe(c). Arrows indicate the directions

along which the 1, 2, 3,1 2’, and 3 profiles were taken.

ary, as is sketched in Fig. 10. Here we assumekhgds well
above the field of full flux penetration, and thiktandJ, are

A. A. POLYANSKII et al. 53

both homogeneous and field independent. We also do not
take account of flux creep effects, which can be neglected in
the low temperature region, well below the irreversibility  FIG. 6. MO images taken after field cooling the 5° bicrystal to
temperatureT;, . For the current pattern shown in Fig. 9, the T=19 K in H,=400 Oe.H,=228 Oe(a), 172 Oe(b), and 0 Og(c).
critical state occupies the entire sample, so that modulds of

equalsl, everywhere in the bulk, and the normal componentto calculateB,(x,y) at a distance above the surface of a

J, crossing the grain boundary equals (J,<J.). From
these conditions one can easily calculate the andletween

thin-film superconducting strip located a&0. We assume
that the strip has a widthv2 along they axis and is infinite

the sample edge and the line on which the magnetizatioin the x direction perpendicular to the grain boundary. Here

currents sharply change the directidhe so-called “current
discontinuity @) lines” in the terminology of Ref. 50 From
the continuity of the normal component dfr) at thed
lines® it follows that

COS2= — ﬁ (1)
‘]C
ForJ,=0, Eq.(1) gives the well-known resuli=45° of the
isotropic Bean model for a rectangular sample &gdge61:62
(a generalization to the case of anisotrofjcwas given in
Ref. 63.
Now we use the Biot-Savart law

v Y YD)I) = (= XT) Jy(r)
B(X,y)—ﬂof_wdy f_oodx [(X_X/)2+(y_y/)2+22]3/2
2

the thickness of the strig<w is assumed to be negligible,
so B,(x,y) is determined by the sheet current density,)
=dj(r). To describe this case, we have to take account of the
distinctive features of the critical state in thin superconduct-
ors in a perpendicular fiefd™>° which are rather different
from the Bean model for a slab in parallel fiékf? For
instance, there is a vortex-free region of width(B,) in the
central part of the strip where only Meissner screening cur-
rents flow. Here

b(Ba) = ()

w
cosh(B,/By)
and By=ugJ.d/m is the characteristic field of full flux
penetratiorr®>’ In the MO images shown in Figs. 35, such
vortex-free regions can be clearly seen as dark domains in
the central part of the film. This Meissner region and its
related geometrical barriefsconsiderably complicate calcu-
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FIG. 7. Magnetic flux profilesB,(x,y) for the 5° boundary
taken along the directions 1, 2, and 3 perpendicular to the grain
boundary plane in Fig. 5.

lations ofB,(x,y) in flat superconductors at low fields, so for
simplicity we restrict ourselves to the higher field regime e

Ba>B, In(2w/\) for which the Melssner reglc_)n becomes FIG. 9. MO images of flux distribution around the 5° boundary
smaller than the London penetration depthn this case the ¢, T—7 k and H,=800 Oe(@); T=30 K andH,=800 Oe(b)
current distribution in a thin-film bicrystal reduces to the T—50 k andH,=400 Oe(c). « is the angle between the film edge

idealized one shown in Fig. 10, where and current discontinuity line.
Ix=[3et (Jp=Jo) O(ly[ — [x[tana) Jsgn(y), (4 integrating over<’ andy’, we obtain the cumbersome for-
S— mulas forB,(x,y) given in the Appendix. Using this analyti-
J,= = Ve Jpb(ly| - [x[tana)sgr(x) (5 cal expression foB,(x,y), we consider the characteristic

) . features ofB,(x,y) caused by the grain boundary and trace
and 6(x) is the step functiong(x) =1 for x>0 and #(x) =0

for x<<0. After substituting Eqsi4) and(5) into Eq.(2) and
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FIG. 8. Magnetic flux profilesB,(x,y) for the 5° boundary FIG. 10. Current distribution around the grain boundary in the
taken along the directions,”12’, and 3 parallel to the grain Bean model. The dashed lines show the rhombus produced by the
boundary plane in Fig. 5.12is the width of Meissner region. discontinuity lines(d lines) at which the current changes direction.
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FIG. 11. Contour maps d,(x,y) atz=0.0lw calculated from Eq(Al) for §=J,/J.=0.2 (a), 0.5 (b), and 0.8(c).

the evolution ofB,(x,y) upon changing the grain boundary the surfacga similar effect occurs at=0 if the finite film
transmission parameted=Jy/J.. thickness is taken into accogntThis results in cusps in
Shown in Fig. 11 are contours 8f(x,y) calculated from B,(X,y) in the center of a rectangular isotropic strip, for
Egs.(2) and (A1) for z=0.01w. Here the nonzera qualita-  Which Jy(y)=J, sgng) at the edges, wherg(y) abruptly
tively accounts for the fact that the observed MO image cordrops fromJ, to 0°%%and along the rhombus formed by the
responds to a distance about 3xm away from the sample contour of thed lines, whereJ, changes fromJ /2 to
surface because of the finite thickness of the indicator film—J./\2.22%° As seen from Fig. 10, the grain boundary
surface irregularities, etc. The contour mapsBofx,y) ex-  should give rise to an additional discontinuity {x,y) on
hibit characteristic cusps on tliklines and on the strip axis, the segmeny=0 inside thed rhombus. This results in a
where the tangential componeh(r) becomes discontinuous corresponding cusp iB,(x,y) aty=0, which is thus a direct
(see Fig. 1D Such cusps are specific to the two-dimensionalmanifestation of a finite), across the boundary. This inter-
(2D) current distributionj(r,z)=J(r)&z) and appear along pretation is in good agreement with the MO images in Figs.
any lines of discontinuous;. Here the normal component 3-6, which do show that the cusp By(x,y) is most pro-
B.(x,y) has a logarithmic singularity a&=0 which turns nounced for the 5° bicrystals, for which,~(0.5-0.8)J.
into a finite peakB,(x,y) ~B, In(W/2) at the distance from  (see Fig. ], while for higher-angle grain boundaries with
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FIG. 12. Flux profile across the boundary calculated from Eq.  FIG. 13. Flux profiles in the directions parallel to the boundary

(A1) for y=w/2, 6=J3p/3.=0.5, andz=0.01w. calculated from Egq.(A1) for 6=Jp/J.=0.5, z=0.0lw, and
x=0(1), andx=0.2w(2).

Jp<<J., the cusp becomes practically invisible, since the,
boundary almost completely decouples the two parts of th
bicrystal.

The above qualitative features &,(x,y) also clearly
manifest themselves in the flux profiles in the directions par- V- TEMPERATURE DEPENDENCIES OF J, AND J.
aI_IeI and perpendicular to Fhe grain b(_)undary. For instance, The MO imaging of grain boundaries described in the
Fig. 12 shows the flux profile perpendicular to the boundarypre\,iOus sections permits independent extraction of Bgth
calculated from Eq(A1) for y=w/2 andJ,=J/2. Here the  and J,(¢) for different T. The intragranular critical current
maximum atx=0 and the two symmetric minima a&~  densityJ. can be obtained both by transport measurements,
= 0.3w result from the discontinuity o, at the grain bound- as described in Sec. Ill and by measuring the MO flux pro-
ary and thed lines, respectively. The calculat®l(x,y) in files or the width of the vortex free regiott’and then em-
Fig. 12 is in good qualitative agreement with the observecloying the Bean model. In this paper we measure the width
flux profile 1 in Fig. 7, although the experimental peaks inof the dark vortex-free regiont®T,B,) in Figs. 3-5 for
B,(x,y) are smeared out by the effect of Meissner currentdlifferentT and then calculatd, from Eq.(3). Then by mea-
due to incomplete flux penetration and the fact Bgix,y) suring the anglex(T,B,) (see Fig. 9 and using Eq(1), we
was measured at a distanee=3-7 um away from the extract the ratial./J,, from which the intergranular critical
sample surface. The influence of the Meissner currents alscurrent densityd,(T) is obtained.
manifests itself in a considerable change of the shape of in- Making use of the data shown in Fig. 9 for the 5° bicrystal
ternal flux profiles 2 and 3, as compared to the profile 1and similar but not shown here data for the 7° bicrystal, we
which corresponds to peripheral regions which are in theplot the ratio5(T)=J,/J; as a function ofT (Fig. 14). For
critical state. both #=5° and #=7°, the value§T) increases approxi-

The calculated flux profile8,(x,y) for two different mately by a factor of 2 a3 is increased from 7 to 70 K.
traces parallel to the boundary are shown in Fig.B3x,y) Both bicrystals have similar dependenciess¢T), although
experiences sharp dips in the vicinity of thdines and sharp the 7° bicrystal has smaller absolute values ¢f0.2 versus
rises at the film edges. This gives rise to the characteristie-0.7 for the 5° bicrystal These results are consistent with
nonmonotonic shapes d@,(x,y) which are also in good the magnetic field transport measurements performed on bi-
qualitative agreement with the measured flux profilesrdd  crystal films with the same misorientation andfle.
2’ in Fig. 8 and are also markedly different from the Bean The results of our measurementskfB,) for 5° and 7°
flux profiles for a slab in a parallel field. The differences arebicrystals are given in the insets in Figs. 15 and 16, respec-
due to the large demagnetizing factor of the perpendiculatively, which show a good fit of Eq(3) with experiment.
field orientation, which also results in multiple sign changesThis agreement justifies the extraction of the intragdai{T)
of B,(x,y) andB,(x,y) in Figs. 12 and 13. The sign reversal by inverting Eq. (3): Jo(T)=7B,/du, cosh {w/b(B,)]
of B,(x,y) can also give rise to alternating regions of posi-under the assumption that there is no field dependendg of
tive and negative vortices:*4 This is especially pronounced in the low field rangeB<100 mT characteristic of our MO
atH_,=0 when such a distribution of remanent magnetizationmeasurements. The temperature dependerdgi@) for 5°

not offset by a strong applied field. Similar nonmonotonic
lux profiles along twin boundaries were reported in Ref. 36.
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FIG. 14. Temper_ature dependencies_ of t_he ratd,/J. Ealcu- FIG. 16. Temperature dependence of the intragdair(upper
lated from Eq.(1) using theo data shown in Fig. 9 for the 5° bound- ¢,rg for the 7° bicrystal calculated from MO images by using Eq.
ary and likewise for the 7° boundary. (3). The lower curve shows the temperature dependendl, €6r

o ) . . the 7° grain boundary extracted from the data in Fig. 14 ().
and 7° bicrystals obtained are shown in Figs. 15 and 16the inset shows the linear fit of the observed width of Meissner
respectively. Thesé. data, when combined with the mea- region 2(B,) to Eq.(3) for T=9, 20, 40, 60, and 70 K

sured ratioJd,/J. in Fig. 14, allow us to extract the inter-
granularJ,(T) without any contribution from the series in-
tragranular regions, as inevitably occurs in transpor
measurements. The temperature-dependg(t) data for
#=5° and 7° are also shown in Figs. 15 and JgT) for
both §=5° and 7° is less temperature dependent thgi),
which results in the somewhat unexpected increase o
8T)=Jp/J; with T in Fig. 14. Figure 17 shows the tempera-
ture dependence of the ratlg(7°,T)/J,(5°,T). Therefore,
the noticeable differences i, for 5° and 7° bicrystals at

IowAtempletre:j[ure_s tbecorr:et_less ?rt(r)]rjoubnched at h@hzr_r creased. This extra flux pinning may become more signifi-
qualitative interpretation of this behavior dg(6,T) .cant at higher temperatures for which thermal fluctuations

can be given bgsed on the microstructure of low-angle 9raiflaguce the 3D intragrain pinning more strongly than they do
boundaries which are not continuous interfaces but rather fhe 1D intergrain dislocation core pinniﬁ@As a result. the

chain of edge dislocations separated by regions of compara-
tively undisturbed lattic8®4° The critical misorientation
angled., where the cores start to overlap is between 10° and
15°9 The dislocation cores are believed to supprésdo-

ally such that the normal regions of and around the core
ecreasel,, by reducing the cross section available for su-
percurrents flowing through the grain boundAt the same
time, the chain of dislocation cores could provide additional
pinning of intergrain vortices, thus increasidg as 6 is in-
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FIG. 15. Temperature dependence of the intragdirupper 0 10 20 30 40 50 60 70 80
curve for the 5° bicrystal calculated from MO images by using Eq.
(3). The lower curve shows the temperature dependend, &ér T (K)

the 5° grain boundary extracted from the data in Fig. 14 3(d).
The inset shows the linear fit of the observed width of Meissner FIG. 17. Temperature dependence of the ratio
region 2(B,) to Eqg. (3) for T=11, 20, 30, 50, and 70 K. Jp(7°,T)/Jp(5°,T) obtained from the data of Figs. 15 and 16.
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reduction of the current-carrying cross section by dislocation (1+y2+7%)%— 4y?
cores can significantly redudg(,T) at lowerT, while the hi(y)=In (y2+22)2
difference betweerd, and J, becomes less pronounced at y
higherT due to the effect of thermal fluctuations. These op-is the field distribution around an infinite strip in the absence
posing trends can account for the observed increase of thef the grain boundary aB>B,. The valuesh, andh; are
ratios Jp/J. and J,(7°,T)/J,(5°,T) with increasing tem- given by

perature, which are quite different from those exhibited by . ,

high-angle grain boundaries which behave as contlnuou%z(x,y):(g_l)f dxffl tix’|

long Josephson contacts. —c —1+t)x'|

(A2)

(y—y")sgry’)
VI. CONCLUSION X d ’[(x—x’>;2+y(y—gy’))l2+22]3’2’ (A3)
We have shown that the MO imaging technique can be

usefully applied to the study of magnetic flux and current 1 1-Iv' Dt
distributions in YBaCu,0,_ 5 bicrystals. By making a quan- ha(X,y)=—+v1- 52f dy’ J( g l/)
titative analysis ofB,(x,y) for different misorientation -t —a-lyhe
anglesd, we have shown that a characteristic cuspj(x,y) (x—x")sgn(x")
appears as the grain boundary begins exerting a significant Xdx’[(x—x’)2+(y—y’)2+22]3/2’
barrier to magnetization currents. We were able to model this
cusp and other characteristic features of the observed fluwheret=tana andc=cota. Hereh, andh; are the mag-
distributions B,(x,y) using a thin-film Bean model which netic fields produced by the andy components ofi(r)
also enabled us to extract batp andJ. independently from inside thed rhombus shown in Fig. 8 witl,=J,—J, and
the experimental data. A particular advantage of the MQJ,=(J2—J5)"2 respectively. A straightforward calculation
technique for these studies is that the intergrain critical curof the integrals in Eqs(A3) and (A4) yields
rent densityJ, can be derived without series contributions > 22
from the grains, as is inevitably the case in transport meag _ (5 1)[2 n fitec—x 1 0 [BfitCc—Xx]"—t%
surements. It is shown that the intergraig(0,T) exhibits 2 f,—c—x B [Boi—t(1-y)*]*—x*
weaker temperature dependencies than the intragrain

(A4)

2__+2\,2
which we attribute to additional flux pinning at the grain 1 n [Afatctx] . ; y 2] ’ (A5)
boundaries provided by the grain boundary dislocations. B [BY—t(1+y)]—x
t [Bor+t(1-y)*—x
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(AB)
APPENDIX f1,2: \/y2+22+(x11/t)2, J1o= /—x2+22+(11y)2,
To calculateB,(x,y) it is convenient to write Eq(2) as (A7)

follows:
_ 1+ 6 _ 2
h(xy)=hy(x,y) +ha(xy) +hs(xy), (A1) =Vi=5 BF=VNizs (A8)

where h(r)=4#B(r)/dJ.uo is a dimensionless magnetic In this calculation we neglect flux creep which can give rise
field, and all coordinates are measured in unitsvoHere to singnificant inhomogeneities of electric field aloB.®®
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