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Large enhancement of critical-current density due to vortex matching at the periodic facet
structure in YBa,Cu3O,_; bicrystals
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We observed pronounced peaks in the critical-current dedgit$) versus applied magnetic fiel in
YBa,Cu;0;_; bicrystals well above the lower critical field. These peaks correspond to the fields for which the
spacing between intragrain vortices is commensurate with the wavelength of the periodic grain boundary facet
structure observed in the same bicrystals. The peaks were observed on a group of grain boundaries that were
isolated from four bul001]-tilt bicrystals with misorientation angles around 15°, which lie in the transition
region from strong to weak coupling. The matching effect provides direct evidence that faceting strongly
modulates the coupling strength of grain boundaries and can substantially indgéB¥an high magnetic
fields. Periodic modulation of the intergrain coupling by the strain fields observed at the facet junctions by
transmission electron microscopy is proposed as the origin o ) enhancement.

[S0163-18208)07917-X]

[. INTRODUCTION the grain boundary superconductive coupling. For instance,
there are long-range strain fields associated with the facet

Since the discovery of high-temperature superconductorﬁmctiong and inhomogeneous coppkrand hole con-

(HTS), significant efforts have been devoted to the inves,ti'centrationsl,z'm which have been shown to vary along the

gation of_ the electrical transport through weakly linked graingrain boundary approximately in accordance with the facet
boundaries that str30ng|y limit the current-carrying capability srycture. Recently it was pointed out that faceting could
of HTS materials™ An important subject that has recently cayse a strong modulation of the intergrain critical-current
drawn much attention is the evidence of nanos¢alel00  gensity with the position along the faceted grain boundary as
nm) inhomogeneities of grain boundaries that are observeg result of thed-wave Symmetry of the Superconducting or-
in HTS bicrystals over the entire misorientation rafge. der parametet?
Analysis of the field dependence of the intergranular critical- This paper focuses on a combined electromagnetic and
current densityd,(B) indicates that it is often spatially non- microstructural study of bicrystals with well-defined, rather
uniform on the nanoscale, suggesting that grain boundarigseriodic grain boundary facet structure, the average period
should be treated as an array of microbridges or filamfehts, ranging from 35 to 100 nm. These bicrystals hf081]-tilt
rather than as uniform interfaces. However, the microstruceharacter and misorientation anglésaround 15°, close to
tural origin of theJ, heterogeneity has not been identified the critical angled. that characterizes a crossover between
unambiguously. Grain boundary structures and properties asgrong and weak coupling. Pronounced peaks id,(B)
usually nonuniform on a variety of scalg3In general, this were observed for the field8>B,, at which the flux line
makes it very difficult to obtain a direct correlation betweenlattice in the grains is commensurate with the periodic facet
superconducting properties and the grain boundary nancstructure. This correlation of magnetic and microstructural
structure and microstructure. length scales provides direct evidence that faceting strongly
One example of the complexity of grain boundary hetero-modulates the superconducting coupling across grain bound-
geneity is the hierarchy of facets that has been observed iaries forB well above the lower critical field8,; .
HTS grain boundarie%!° Boundaries in bulk scale bicrystals  In this paper we present the microstructural and electro-
of both YBgCu0; and BpSr,CaCyO, that appear to be magnetic data, followed by a discussion of the general char-
planar in light microscopy studies in fact show a characteracteristics of the observed peaksly{B). Then we consider
istic facet pattern on the-100 nm length scale and further different mechanisms that can give rise to the observed high-
subfaceting on the nanoscale- {0 nm) in many cases. field peaks. Finally we analyze the specific microstructural
There are several mechanisms by which faceting could affeairigin of the coupling modulation caused by faceting.
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TABLE I. Normal and superconducting parameters of the grain

boundaries.
RL,A Jp (0,77 K) ag (Bp) D: (Lq,Ly)
(nQcmd)  (10° Alem?) (nm) (nm)
A 4.5 35 45 40(30,10
B 4.2 4.0 93 80(40,40
C 4.8 3.1 45 3520,15
D 7.5 2.9 176,88 not measured

sections. Images of these sections confirmed that the facet
period was largely unchanged over a @f+long stretch of

the boundary. The periods of all imaged facets of this bound-
ary fell into the range of 30—50 nm. An average period of 40
nm (L;~30 andL,~10nm was derived from measure-
ments on 40 periods of the facet structure. The average pe-

FIG. 1. Diffraction-contrast TEM images of bicryst&l ob- riods Dy of th.e facet structure were 80 nfi.;~40, L,
tained with the electron beam nearly aldi§1], showing the fac- %40_nm for bicrystalB, and_ 35 nm(L,~20, L,~15 r_"w
eted boundary topograph). The components of the sawtoothed for bicrystalC, whereD for bicrystalsB andC was derived
facet structure is mixed, not pure tilt, in this case. Mixed-type facetfrom measurements on 12 and 6 facet periods, respectively.
have been observed in other bicrystals as well, but pure-tilt facets The two diffraction-contrast TEM images of the boundary
are more common. The facets in bicrystBlsndC were[001] tilt in bicrystalA shown in Fig. 1 illustrate the additional struc-
(b) 9//[110] two-beam image in which the dislocationlike strain tural features that were observed in all three bicrystals stud-
field ((_:ontrqsl of the facet j_uncti_ons i_s apparent. Arrow indicates jed. Figure 1a), which corresponds to a viewing axis near
the orientation of the facet junction dislocations. [001], shows the topography of the faceted boundary. Figure
1(b) shows the same boundary as in Figg)1but imaged at
Il. FACET STRUCTURE OF GRAIN BOUNDARIES ag//{110 two-beam condition by tilting the bicrystat20°
IN THE BICRYSTALS away from the[001] orientation. The facet structure is
. . . _ masked by projection effects at this specimen tilt. However,
The grain boundaries used in this work were selectedne jmage clearly shows the second hallmark feature of the
from four bulk-scale YBECu;07-; (YBCO) bicrystals pro-  gawio0th facet structures that has been observed in all of
duced by a flux-growth techniqdé. Typical dimensions of  these bicrystals, as well as many otHet&1 The dark lines
the crystals were 150—250m along thea andb axes, and  oriented at~45° to the edge of the micrograph show the
~100um along thec axis. Some sections of the grain image contrast behavior of the facet intersection lifjesc-
boundaries in the as-received bicrystals appeared curved @jons). The dislocationlike contrast implies that the bound-
the scale of light microscope images. In order to begin witharies are characterized by a longer-range dipole strain field
better-defined grain boundary sections, the bicrystals wergear the facet junctions that is superimposed on the short-
thinned to 10—2Qum along thec axis and cut with a preci- range grain boundary dislocation network strain figétd
sion laser cutter so as to isolate subsections that appeared|éhgth scale~1 nm at~15°). A more detailed description
be planar with the same boundary normal throughout and off the microstructures and of general nature of these saw-

pure[001J-tilt character on the basis of light microscopy in- toothed facet structures is given elsewhet.
vestigations.

After electromagnetic measurement, the nanoscale topog-
raphy and crystallography of the grain boundaries in bicrys-
talsA, B, andC were characterized by transmission electron
microscopy(TEM). (We were unsuccessful in preparing a  The intergrain transport properties were determined using
TEM sample from bicrystaD.) The nominally{001]-type  a four-probe method. The current leads were attached to the
misorientation relationship of the boundaries was confirmedides of the crystals parallel to tleaxis so as to provide
by selected-area electron-diffraction pattern analysis, whichelatively uniform current feed into thab planes of the bi-
gaved values of 14°, 15°, and 15° armdaxis misalignments crystal. External magnetic field was applied parallel to¢he
of 3°, 0.9°, and 2.5° for bicrystala, B, andC, respectiv- axes, and thus parallel to the plane of the grain boundary.
ely. TEM imaging revealed a striking feature of the topog-The voltage resolution for the measurementd/eff charac-
raphy of all three boundaries. Sawtoothed facet structureteristics was below 10 nV, and the voltage criterion for the
like that shown in Fig. 1 persisted in all regions of the intergranular critical currerlt, was 100 nV. The dependence
boundaries that were imaged by TEM. The facet structuref I, on B was measured in both weft—20 mT) and strong
was rather regular with each perioB{) comprised of two (0—10 T) fields. The effect of temperature on thgB) be-
different facets(L; andL,). TEM images were obtained havior was examined for 24KT<85 K. We also measured
from several different regions of bicrystAl by repeatedly the magnetoresistancéR,(B)=V,(B)/I at constant |
ion milling the sample to create new electron transparent-1,(B) by recording the voltage/,(B) across current-

Ill. FIELD DEPENDENCE OF Jy(B)
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FIG. 2. Magnetoresistand®, (B, 77 K) of bicrystal A. Inset % 0.4 ]
shows theV-I curve measured at zero field and 77 K. 0.0 W
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biased grain boundaries. In all cases we found a good corre-

lation between thé,(B) peaks and the negative magnetore-

sistance peaks iRy(B). FIG. 4. Normalized ,(B,77 K)/1,,(0,77 K) for bicrystalsB (a)
The basic normal and superconducting parameters afnd C (b). J,(0,77 K) is about 4,500 A/ctafor both bicrystals.

these grain boundaries, such as resistiRfyA, whereA is  Pronounced peaks &,=0.2 T (a) and 1 T(b) are shown.

the area of the boundary, and zero-field critical-current den-

sity Jp (77 K) are listed in Table |. They were similar for all and 3, where all bicrystals exhibited substantial peaks in
s_a;nglej OSIE%'?ERD'_?:A“S_IS r§t2 sz.’ tand&]b (é);; E) Ip(B) at B=B,, which varied from 60 mTd 1 T for the
:V. _B /'l ¢ g ) IeA ma7g7neKores$s z?]nc b ( f" o/ I) different samplegsee Table)l. The major characteristics of
=Vy(B) ?] 'Cr_ysg?‘ 2a'|t' ) znh the ziro- 1€ F this effect are summarized in Figs. 4—6. Figurds) and
curve are snown in Fig. <. Hab(_ ) behavior shown in Fig. 4(b) show normalized critical curretht(B)/1,(0) for bicrys-
2 is typical of all weak-linked bicrystals that we have mea- 1< B and C. The peak inl (B) at B=B, is quite pro-
sured before. SucRy,(B) behavior is consistent with a direct nounced be.ing about 20_20 times Iaraer than the “re-
measurement of theb.(B) behavior for weqk—lmked gran sjqual” supercurrent and reaching 20-30% of the zero-field
boundaries, i.el,(B) is depressed by mT fields, tending to l,. For bicrystalC, the intergraind, (B,=1T, 77 K)
a small, nearly field-independent “residual” supercurrent at ., -hed about 50%'0f the single crysl@l(lEI' 77 K) value
B>E2? mg. V-l for bi tal in the hiah-field Figures %a) and b) show theR,(B) curves recorded on

, XSinBi9:l' cu7r;/eKs or r']CWS"?‘ Fm 38_”']9 %'Ield € bicrystalD at 77 and 64 K. In this case, two negative mag-
gion rat77Kare st owrlln 9. 5. 1NiS NIeld range  otoresistance peaksByg; andB, are visible for both tem-
mcludes. the irreversibility fieldB* (77 K)~7 T for flux- peratures, WitlB_,~(4+0.5)B,, . TheseR,(B) curves ex-
grown single crzstals. AL Iar_gg voltage and cur_rents,\/all_ hibit hysteresis’,) which rapir:jly decreases as the field
curves forB<B* (77 K) exhibit the same Ohmic behavior, i, eases. This may account for the absence of any apparent
which we _behgve is determined by the grain bqundary res'Shysteresis in thé,(B) curves of bicrystal® andC in Fig. 4
tance, indicating that the observed dissipation is restricted O which the peaks in,(B) occur at much higher fieIdSL,

. . . " .

the grlam dt_)ou_nda_lry rgglorll. F(B_?hB » an adfdltlorr:al Intra- 574 0.2 T. It is interesting that the hysteresis effect in these
granular dissipation develops. Thus, even for these crystayg, bicrystals occurs at much lower fields than for thin film

with comparatively low intragranular critical-current densi- bicrystals, where hysteresis at fields up & T has been
ties, the overall critical current is limited by the grain bound- reporteos,

ary. The negative curvature of the low-voltage portions of
the V-1 curves taken at 5-7 T indicates that a nonzero “re-

B (Tesla)

sidual” supercurrent persists up B (77 K). = o
The most interesting transport behavior of these bicrystals 020 — F ]
was observed in the field range lying between that of Figs. 2 77K 8
10 mA p2
103 - 0.18 | TBm
G a)
102} 77K £
10" b T gaf
E 100
> 101} 9T 01 ?gﬁA
8T .
2L 56,7T
1071 ’ 0.0 —
103} ‘ . ’ . . -400 200
B (mT
108 102 107 100 10" 102 (mT)
| (MA) FIG. 5. Magnetoresistand®,(B) data for bicrystaD at 77 K

(@ and 64 K (b) showing dips atB=Bp; and B=B,, By,
FIG. 3. V-I curves in high field5—-9 T) at 77 K for bicrystalA. ~4B,. By, andBy, values are the same for 77 and 64 K.
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12 2.0 persisted up to magnetic fields close to the intragrain
83(77 K). This “residual” supercurrent is commonly ob-
= 09y 15 E served in HTS grain boundaries, and has been attributed to
8 el 10 S structural disorder along grain boundartésuch as that re-
= bicrystal A bicrystal B =3 sulting from oxygen defectsor the dislocation networks.
@ sl 05 O Because of the quasiperiodic character of the facet structure
in these grain boundaries, the distribution of oxygen defects
oob——e— & Jgp and hole concentration in these grain boundaries is likely to
0 10 20 30 40 50 60 70 80 be periodic too. This supposition is strongly supported by the
TK) temperature effect on tHe(B) peaks as discussed later. The

intergrain irreversibility fieldBf (77 K) remains close to the
83(77 K), indicating that these grain boundaries contain
paths that can transmit supercurrent up to at least the irre-
versibility field of the grains themselves.

FIG. 6. Temperature dependences of lt)@8) peak positiorB,
for bicrystalsA (@) andB (O).

The temperature dependence of théB) peaks for bic-
rystalsA andB, shown in Fig. 6, was determined by mea-
suring the positionsB, of the negative magnetoresistance IV. DISCUSSION
peaks from 77 K down to 25 K. For bicrysta#sandB, B,
was found to be essentially temperature independent abov
temperaturd 5, whereTy~32 K for A andTy~60 K for B.

A similar result was also obtained for bicrystal, as evi-
denced by thé8; andB, values measured at the two dif-
ferent temperaturdg-igs. 5a) and 8b)]. Below its T, of 30

The observed correlation betweeg(B,) and D¢ indi-
€Rtes that the facet structure strongly modulates the local
intergrain J,(x). Generally, the overall intergrain critical
current densityl,=1,/A is determined by the pinning force
f=f,+f, of the vortices at the grain boundafintergrain
; ) . vortices. Heref, is due to the interaction of intergrain vor-

K, the 1,(B) peak of bicrystalA rapidly decreasgd and dis- tices with the inhomogeneities of the grain boundary caused
appeared by-25 K, whe_r eas thé,(B) peak (_)f bicrystaB by the facet structure, whilé, comes from the magnetic
gradually shrank below it3, of 60 K and shifted to lower e action of the intergrain vortices with the pinned intra-
temperatures, finally disappearing 85K. grain vortices’? In the transition region from strong to weak

The Weak'f,'eldl,b(B) behawor, as reflected in the,(B) coupling, the nature of the intergrain vortices and their inter-
curve shown in Fig. 2, clearly indicates an overall reduced,yjons with facet structure and intragrain vortices strongly
coupling at these 15[001}-ilt grain boundaries. For thin- - yenends oy, In the dislocation model of the grain bound-
film grain boundaries, the macroscopic average Cogpl'n%ry, the description of thé,(B) behavior is different ford
strength is u_sually characterized by the zero-field cr_|t|cal-> 9, and 6< 6,.2 For 6> 6, , i.e., the weak-coupling limit,
current densityJ,(0), or by theratio Jp(0)/Jc(0). This  yhe grain houndary is often regarded as a continuous inter-
method is less justifiable for bulk bicrystals becadg€d) is 506 formed by overlapping dislocation cores that are gener-
limited by significant self-field effects’ As a result, the val- ally assumed to be in an insulating st&&? Such a high-
ues ofJ, (77 K, 0 ), which are listed in Table | for com-  5n416 grain boundary can be modeled as a parallel array of
parison betwee_n different samples with S|m!lar_dlr_nen5|onsdecoup|ed Josephson contacts formed by the grain boundary
cannot be considered as a measure of the intridisicin @ ¢5cets. and the peaks iy(B) are due to Fraunhofer oscilla-
separate experiment, we found that the zero-fld77 K) - isns modified by the presence of the intragrain Abrikosov
of a bicrystal was increased by a factor of 6 when its thick-,gtices (A vorticed at fields well aboveB,,. For §<4,,
ness was reduced from 100 to Afn, consistent with a sub- ¢ gisiocation cores do not overlap and the grain boundary
stantial self-field effect. We note that the measured boundary,niains high critical-current density chann&t! In this
resistivity R,A~5 n cn? is comparable to the lowest re- caqe the intergrain vortices are mixed Abrikosov vortices
ported values for weak-linked thin-film bicrystafSThus, i phase-Josephson corés) vortices, 23 unlike the usual
there is no reason to conclude_that these bulk bicryste}ls ha}"fosephson vortice§) vortices for 6> 6;. The facet struc-
poorer grain boundary properties than those of thin-film bi-, e hrovides a periodic pinning potential for the intergrain
crystals. _ AJ vortices, resulting in enhancementdyf, if the intervor-

A key aspect of these results is that the observed peaks i, spacing is commensurate wiby . Interestingly, both
I(B) are temperature independent over a large temperatuigsenarios forg> g, and 6< 6, yield qualitatively similar
range and occur at field8=B, for which the intervortex peaks inJy(B). Incthe followicng we consider the casés
spacingao(By) =1.07(®o/H)"? is commensurate with the > g_and < ¢, separately.
average period of the facet structuf@;. The values of
ao(Bp) and D¢ for bicrystalsA, B, and C are shown in
Table I. There is a good correlation betwesy{B,) andD;
for each of these bicrystals:D; differs fromay(Bp) by 6% This case corresponds to a weak coupling conditign
for A, by 20% forB, and by 27% forC. The greater differ- <J. whereJ, is the intragrain critical-current density. The
ences betweeD; anday(B,) for bicrystalsB andC may be  observed], is determined by the transparency of the grain
the experimental uncertainty 8f; due to the smaller number boundary to the supercurrent, while the intragrain vortices
of facet units used in the calculation of the average period.are assumed to be fixed by strong bulk pinning and thus

In addition to thel ,(B)-peak behavior, all of the bicrys- unaffected by the weak Josephson current flowing through
tals showed a field-independent “residual” supercurrent thathe grain boundary. However, the intragrafik vortices

A. Fraunhofer oscillations at 6> 6,
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observed height of the first pe@l,(B,)/Jo~0.2-0.3. The
higher-order commensurate peaksJig(B) lie in the field
region wherel,(B) drops below the noise level. However,
the magnetoresistance measurements shown in Fig. 5 clearly
revealed a satellite peak R,(B) located atB,~4B,,, in
accordance with Eq(3). The observed matching condition
(ag=~L) for the first peak inJ,(B) requires{~1.35.

If the facet lengths have a distribution functigigL), the
averaged),(B) become¥’

Jp () 0)

FIG. 7. Normalized critical currerit,(h)/J,(0) as a function of
the reduced fielch=B(ZL;)%/ ¢, calculated from Eq(5) for J; ® L
=J,=J, and differentL, /L, ratios. The inset shows the model Jb(B):JoLof F(L) sinL—
geometry of a parallel array of decoupled Josephson conta@s at 0 0
kBp; circles an_d ellipses represent the intragrain and intergrairQNhere L0=(¢0/B)1’2/7T§~a0. The distribution ofL de-
vortices, respectively. creases the amplitude of higher-order peaksljj(B) and
smears out the cusps ih,(B), producing minima which
(i;ave finiteJ,(B). For instance, if the grain boundary can be
odeled as alternating segments of lengthand L, with

dL
T (4)

strongly influence the field dependence Jf(B) through
changing the distribution of magnetization currents aroun
the grain boundary. We model the grain boundary as an arr . -,
of parallel decoupled uniform junctions of lendtk=Dy ; the Tocal average critical current densitiég andJ,, then
observed ,(B) peaks thus correspond to a modified Fraun- 1 B
hofer pattern of a short Josephson contact in the presence of Jp(B)= ———— sin L\ [—
intragrain vortices. The field dependencelg(B) of such a {m(Litly) bo

contact is given b}
sin w{L B %o
A\ —
$o

35(B)=Jo[ do/(7BLAQ) IS #BLAo/do)|, (1) B ©

where Ao(B) is the grain boundary magnetic thickness, This model may be more adequate to describe X&)
which may be much larger than the structural thicknéss dependence of a faceted grain boundary, since the lengths of
¢o is the flux quantum, and, is the tunneling Josephson the grain boundary segments that form the sawtooth facet
current atB=0. ForB<B,, the magnetic thickness of the structure in Fig. 1 can be unequal as was mentioned before.
contact, Ao(B)=d+2\, is determined by the Meissner Figure 7 shows the dependenkgh)/J, as a function of the
screening currents flowing parallel to the grain boundaryreduced fieldh=B(ZL,)?%/ ¢, for different L,/L, and J,
where\ is the London penetration depth. In this case, ). =J,=J,. This simple model gives a qualitative description
gives the well-known Fraunhofer dependencelg(B). For  of the observed matching effect, although the measured
B>B,;, penetration of vortices into the grains strongly af- shape of the,(B) peaks may substantially deviate from that
fects the magnetization currents flowing parallel to the grairgiven by Eq.(3). In particular, the calculated peak was about
boundary, and\y(B) becomes of the order of the intervortex three times broader than that observed in Fign),4which

J1

+J,

spacing?® can hardly be ascribed to a distribution of the facet lengths
D¢, or to nonuniform current flow through the junction,
Az %—877)\ M @) which usually broadens the Fraunhofer peaks. There are sev-
) B’ eral factors that can influence the shape of It){@) peak.

For example, parallel electron-energy-loss spectroscopy data
obtained on similar bicrystal grain boundaries indicated that
. . . . the grain boundary is sheathed by an hole-depleted region
Z, is the ghstance of the first vortex row from the grain with the thickness~40 nm2® comparable to the magnetic
boundary’® For B>By;, the last term in Eq(2) can be thicknessA g=~a, of the grain boundary. This layer of re-

. _ — 1/2 H
neglected; thUSAO(_B)_g'?lO_g(d’O/B) , where { is a . ducedT, can affect the positiorz, of the first vortex row
number of order unity, which generally depends on bulk pin-

. : ) neighboring the grain boundary, which plays a key role in
ning and the geometry of the grain boundary. For our blcrys;[he field dependence dk(B) at B>B,,. Furthermore, the
tals, bulk pinning is comparatively weak, $as mostly de- cl '

. . peakJy(B,) value was found to be only two times smaller
termined by the geometry of the facet structure. Substitutin P . . ) .
AO(B)=§(¢0/B)1’2 into Eq. (1), we arrive at han the intragraid.(B) measured on a similar single crys

tal. The smallJ.(B) may violate the applicability condition
_ 12| i i Jp(B)<J.(B) of Eq. (3), which implies fixed intragrain vor-

3(B)=(Jo/mLL)($o/B) Msinl wlL(B/¢o) ™[ (3 tices unaffected by the weak Josephson current through the
Figure 7 shows the normalized current denditfh)/J, as a  grain boundary. Fod,(B)~J.(B), the commensurate facet
function of the dimensionless fielt=B(ZL)% ¢, calculated  structure gives rise to an additional pinning of bulk vortices,
from Eq.(3) (curve 1. HereJ,(h)/J, vanishes ah=n? [or  thus changing their arrangement near the grain boundary and
B=¢on?/({L)?], and the positions of the maxima of making/ dependent ofB.
Jp(h)/Jq increases quadratically with at largen, wheren The substantial hysteresis in the magnetoresistRyB)
=0,1,2... . The first peak in J,(h) at h=~2.2 [B, inFig. 5 can be due to the hysteretic field distribution in the
~2.2¢/(£L)?] is about 20% ofl,, in agreement with the grains described by the Bean modIndeed, as the applied

where M = (¢o/322\?)In(B,/B) is the equilibrium magne-
tization, B is of the order of the upper critical fieB.,, and



10 956 X. Y. CAl etal. 57

field B, increases, the local fiel@(x) along the grain and the pinning potentidf->3However, there is an important
boundary varies fronB,—B, in the center toB, at the difference between the casés: 6. and6> 6., which can be
sample edge, wher8y is the field of full flux penetration in  tested experimentally. Indeed, for- 6., the grain boundary
the grains. A, decreases, the local fieB(x) varies from is a weak link whosel,(B) is much smaller than the intra-
Bat By in the center toB, at the sample edge. The field grainJ.(B); thusJ,(B) is rather insensitive to the pinning of
variation along the boundary produces a mismatch betweeintragrain A vortices. By contrast, ford<6., there is a
the local intervortex spacingqy(B) and the periodic facet weakly pinned chain of AJ vortices in the grain boundary
structure, thus suppressing the commensurate peaks that can strongly interact with the intragranvortices. This
Jp(B). The suppression of the peaksJig(B,) is strongerin  makesJ,(B) dependent not only on the properties of the
the case of increasin@®,, for which the localB(x) is  grain boundary, but also on collective pinning of the intra-
smaller thamB,, anday=[ ¢,/B(x)]*? is more inhomoge- grain vortex structure near the grain boundary. This can be
neous as compared to the case of decreaBingfor which  shown by estimating,(B) for an AJ vortex chain moving
B(x)>B,. In this model, the hysteresis df,(B) is most through a strongly pinned bulk vortex structdPe.
pronounced in the low-field region, in qualitative accordance We consider the case of negligible core pinning of the AJ
with the observed hysteretR,(B) curves in Fig. 5. A more vortices (B ¢&), for which the pinning energy results from
guantitative description is complicated by the high aspectjuasiperiodic modulations of the magnetic energi=
ratio (=10-20) of our thin bicrystals, which were measured — ¢oH(r)/47 of an AJ vortex due to variation8H (r) of the

at perpendicular magnetic field and by the strong dependendecal magnetic fieldH (r) caused by a fixed intragrain vortex
of J.(B) at low B. For this geometry, both the magneto- structure. The pinning force per unit length is then of the
optical imaging and detailed calculations of the local fluxorder of 6W/ag, where SW~ ¢oSH/41r is the amplitude of

distributior’* have revealed very inhomogenedag) in  the fluctuations inW(r), and SH~(poldmr?)e 2" at H
the bulk and nonmonotoniB(x) profiles along the grain >Hc:.™ This gives the critical-current densityJ,
boundaries due to strong demagnetizing effects. Likewise, to- CoH/4ma, in the form

the parallel field orientation, both tH&x) along the bound- _

ary and the local intervortex spacirag(B) for the perpen- Jp=0.014VH/H . (6)

dicular geometry were found to be more inhomogeneous foFor YBCO (£é=20 A, A=2000 A, andl4~10° A/cm?), Eq.
increasingB, than those for decreasin,, especially for () yieldsJ,~10 3J4~10°> A/lcm? atB~0.01B,,. This cal-
Ba~Bgy.%"%* This manifests itself in the hysteretR,(B)  culatedJy, value is much larger than thk values typically
and the suppression of the commensurate peaks in the lowaeasured in flux-grown YBCO crystals, suggesting that de-
field region. pinning of the AJ intragrain vortices cannot occur indepen-
dently of the surrounding vortices. Therefore the observed
B. Commensurate pinning at #< 6, Jy, of low-angle grain boundaries with< 6, is due tocol-

For < 6., the dislocation cores do not overlap, thus thelectlvepmnmg O.f bOt.h |n_ter and mtragram vortlpes.
. . . .~ In the collective pinning mod& J, is determined by all
grain boundary contains channels of comparatively undis-

turbed lattice that are able to carry significant supercurrents\{Ortlces lying in a sheet of widtR., near the grain bound-

. ~ary, whereR., is the transverse pinning correlation length
The channels strongly affect the structure of the mtergralngetermined by both the stronger intragrain pinning and the

vortices that turn into intermediate AJ vortices with phase eaker core pinning of the grain boundary. TRg, is there-
Josephson cores whose length along the grain boundary ore larger than the bulk correlation lengiy far from the

~¢&Jy/dp is larger than the coherence lengthwhere Jg ; ; .
_ 2\ 25 g ; : grain boundary, and is much larger than the intervortex spac-
Cebo/16m"\" ¢ s the depairing current density adglis the ing for the weak bulk pinning typical of our samples. In this

intergrain critical-current density averaged along the grain L . X
3 . . case the pinning correlation volume for the grain boundary
boundary?® Since the AJ vortices have larger core sizes thancontains manv intraaraif. vortices. thusl. essentially de-
the A vortices, they are pinned more weakly than the intra- y 9 . b y
grain vortices, thus yielding a smaller intergrdin as com-

pared to the intragraid., as is shown in the bicrystals of

this study. On the other hand, ikI\, the magnetic interac- o /
tion between intergrain AJ and intragraivortices becomes much Sm"?‘”er thaer(.B) and is independent ol for high-
gngle grain boundariesf¢ 6.). By contrast, for low-angle

rather insensitive to the vortex core structure and remains = - .
approximately the same as in the bulk. Therefore, the interd' &N boundariesd< 6), Jx(B) is comparable td.(B) and

grain AJ vortices are maintained with a spacing af increases as the intragraig(B) is increased.
=(¢o/B)¥? andJ,(B) is enhanced at fields that satisfy the
commensurability condition afiag(B)=mD; .

The above interpretation of the peaks Jj(B) is in a Our experimental data show that the magnitude of the
sense similar to that of the cage- 6., since the Fraunhofer peaks inl,(B) rapidly diminishes as the temperature is low-
Jp(B) patterns can also be interpreted as being due to pirered below 60 K, thus suggesting that the neighboring facets
ning of JosephsonJj vortices by the junction edges, the become coupled at lower temperatures. The facet decoupling
peaks inJ,(B) approximately corresponding to half-integer at high temperature may result from the long-range strains
numbers ofJ vortices in the contad® For periodically concentrating near the facet junctiofsee Fig. 1, which
modulated long Josephson contacts, similar peaks,(B) cause local variations of the critical temperatuigr). For
can occur due to commensurability of thevortex structure  small in-plane deformation,

pends on bulk pinning, and shoulicreaseas the intragrain
J. is increased.
Summarizing these arguments, we expect th#gB) is

C. Coupling modulation by the facet structure
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Te(X,¥Y)=Tco— Ca€aa— CoEbb- (7) duce quenched structures of vacancies or other impurities
o . around the grain boundary with nonequilibrium distributions

Heree,(r) andey,(r) are the principal values of the strain c(r) quite different from those given by E¢8). Modulation
tensore(r) along thea andb axes, T, corresponds to the ot the |ocal oxygen concentration by the strains near faceted
undeformed sample, and the constabfs= — dTc/dsaa @nd  yrain boundaries may result in the filamentary structure pro-
Cp=—dTc/depp, determine the change Gf; under uniaxial  hosed by Moecklegt al,” who assumed that point contacts,
deformation. For optimally oxygen-doped YE2,O; s  \yhich have dimensions from1 to 60 nm, are formed by
single crystals, pressure experiments have shownGhat  |gcal clustering of oxygen defects.
—200 K andC,~300 K have opposite signs due to the in-  other sources of chemical nonstoichiometry associated
fluence of the Cu-O chains, and the val@sandC, can  \ith the facet structure are also possible. For example, de-
increase by 2-10 times in underdoped samffﬁé%Rou_gh ~ tailed STEM-EDS studies have shown that excess copper
estimation of strains around the facet structures seen in F'g-éegregates at boundaries in intervals consistent with the pe-

have shown that the principal valueg,(r) andepy(r) may  riods of the extended strain fields.
reach about 1%, even 20 nm away from the facet junctions.

According to Eq(7), these strains can give rise to significant
(~10K) local suppression of /(r) around the facet junc- IV. CONCLUDING REMARKS

tions on a scale mpch larger thgn Fhe coherence lergth, We have studied a group of grain boundaries of flux-
JnTand cause nhemogeneies i e ) ales pgrouth YECO LA biysias i misorentaton
measured near grain bounda?%&nay cor,lsiderably enhance gngles _around 15, These grain boundarles appefar.planar n
the effect of the strain-induced, suppression due to the light micrographs but are characterized by periodic facet
) © 36 structures on the nanoscale. Transport and microstructural
increase of the constan@, and C,.* Since the locallc  stydies showed a pronounced matching effect that mani-
around the facet junctions is suppressed to a Vjﬂ%n 0N fested itself in distinctive peaks in,(B) when the intervor-
a length scale much larger thah or the proximity length oy spacing was commensurate with the period of the facet
En=nue/2nT~¢ at T=T,, the strain mechanism provides grycture. This observation provides direct evidence that
facet decoupling in the temperature regibfinin<T<Tco. facet structures modulate the order parameter of the grain
An additional contribution to the locdl, suppression can poundary. Microstructural observation and the temperature
also_ result fr_om the redistribution o_f oxygen vacancies in th%ependence of the matching effect suggest that the heteroge-
strained region around the facet juncticfisAt thermody- neity is controlled by the long-range strain fields that are
namic equilibrium, the concentratia{r) of the vacanciesis gggociated with the facet structure.
given by The pronounced peak id,(B) at high fields correlated
Ke(r)Q with the facet structure offe_rs the possibility that the high—
c(r)=coex;{ - —°>, (8)  field J, value of polycrystalline HTS could be substantially
T enhanced by introducing pinning centers in the intergram

where K is the bulk elastic moduluss=g,,+ &y, is the and/or intragrain regions.

local dilatation,(} is the atomic volume of an oxygen va-

cancy, andcg is the con_centration o_f oxygen vacancies in ACKNOWLEDGMENTS
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