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Large enhancement of critical-current density due to vortex matching at the periodic facet
structure in YBa2Cu3O72d bicrystals
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We observed pronounced peaks in the critical-current densityJb(B) versus applied magnetic fieldB in
YBa2Cu3O72d 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 bulk@001#-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 increaseJb(B) in 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 of theJc(B) enhancement.
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I. INTRODUCTION

Since the discovery of high-temperature superconduc
~HTS!, significant efforts have been devoted to the inve
gation of the electrical transport through weakly linked gra
boundaries that strongly limit the current-carrying capabi
of HTS materials.1–3 An important subject that has recent
drawn much attention is the evidence of nanoscale~1–100
nm! inhomogeneities of grain boundaries that are obser
in HTS bicrystals over the entire misorientation range.3–5

Analysis of the field dependence of the intergranular critic
current densityJb(B) indicates that it is often spatially non
uniform on the nanoscale, suggesting that grain bounda
should be treated as an array of microbridges or filament6,7

rather than as uniform interfaces. However, the microstr
tural origin of theJb heterogeneity has not been identifie
unambiguously. Grain boundary structures and properties
usually nonuniform on a variety of scales.8,9 In general, this
makes it very difficult to obtain a direct correlation betwe
superconducting properties and the grain boundary na
structure and microstructure.

One example of the complexity of grain boundary hete
geneity is the hierarchy of facets that has been observe
HTS grain boundaries.8,10 Boundaries in bulk scale bicrysta
of both YBa2Cu3O7 and Bi2Sr2CaCu2Ox that appear to be
planar in light microscopy studies in fact show a charac
istic facet pattern on the;100 nm length scale and furthe
subfaceting on the nanoscale (;10 nm) in many cases
There are several mechanisms by which faceting could af
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the grain boundary superconductive coupling. For instan
there are long-range strain fields associated with the fa
junctions8 and inhomogeneous copper11 and hole con-
centrations,12,13 which have been shown to vary along th
grain boundary approximately in accordance with the fa
structure. Recently it was pointed out that faceting co
cause a strong modulation of the intergrain critical-curr
density with the position along the faceted grain boundary
a result of thed-wave symmetry of the superconducting o
der parameter.14

This paper focuses on a combined electromagnetic
microstructural study of bicrystals with well-defined, rath
periodic grain boundary facet structure, the average pe
ranging from 35 to 100 nm. These bicrystals have@001#-tilt
character and misorientation anglesu around 15°, close to
the critical angleuc that characterizes a crossover betwe
strong and weak coupling.15 Pronounced peaks inJb(B)
were observed for the fieldsB@Bc1 at which the flux line
lattice in the grains is commensurate with the periodic fa
structure. This correlation of magnetic and microstructu
length scales provides direct evidence that faceting stron
modulates the superconducting coupling across grain bou
aries forB well above the lower critical fieldBc1 .

In this paper we present the microstructural and elec
magnetic data, followed by a discussion of the general ch
acteristics of the observed peaks inJb(B). Then we consider
different mechanisms that can give rise to the observed h
field peaks. Finally we analyze the specific microstructu
origin of the coupling modulation caused by faceting.
10 951 © 1998 The American Physical Society
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II. FACET STRUCTURE OF GRAIN BOUNDARIES
IN THE BICRYSTALS

The grain boundaries used in this work were selec
from four bulk-scale YBa2Cu3O72d ~YBCO! bicrystals pro-
duced by a flux-growth technique.16 Typical dimensions of
the crystals were 150–250mm along thea andb axes, and
;100mm along thec axis. Some sections of the gra
boundaries in the as-received bicrystals appeared curve
the scale of light microscope images. In order to begin w
better-defined grain boundary sections, the bicrystals w
thinned to 10–20mm along thec axis and cut with a preci-
sion laser cutter so as to isolate subsections that appear
be planar with the same boundary normal throughout an
pure@001#-tilt character on the basis of light microscopy i
vestigations.

After electromagnetic measurement, the nanoscale top
raphy and crystallography of the grain boundaries in bicr
talsA, B, andC were characterized by transmission electr
microscopy~TEM!. ~We were unsuccessful in preparing
TEM sample from bicrystalD.! The nominallyu@001#-type
misorientation relationship of the boundaries was confirm
by selected-area electron-diffraction pattern analysis, wh
gaveu values of 14°, 15°, and 15° andc-axis misalignments
of 3°, 0.9°, and 2.5° for bicrystalsA, B, andC, respectiv-
ely. TEM imaging revealed a striking feature of the topo
raphy of all three boundaries. Sawtoothed facet structu
like that shown in Fig. 1 persisted in all regions of th
boundaries that were imaged by TEM. The facet struct
was rather regular with each period (D f) comprised of two
different facets~L1 and L2!. TEM images were obtained
from several different regions of bicrystalA by repeatedly
ion milling the sample to create new electron transpar

FIG. 1. Diffraction-contrast TEM images of bicrystalA ob-
tained with the electron beam nearly along@001#, showing the fac-
eted boundary topography~a!. The components of the sawtoothe
facet structure is mixed, not pure tilt, in this case. Mixed-type fac
have been observed in other bicrystals as well, but pure-tilt fa
are more common. The facets in bicrystalsB andC were@001# tilt
~b! g//@110# two-beam image in which the dislocationlike stra
field ~contrast! of the facet junctions is apparent. Arrow indicat
the orientation of the facet junction dislocations.
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sections. Images of these sections confirmed that the f
period was largely unchanged over a 80-mm-long stretch of
the boundary. The periods of all imaged facets of this bou
ary fell into the range of 30–50 nm. An average period of
nm ~L1'30 and L2'10 nm! was derived from measure
ments on 40 periods of the facet structure. The average
riods D f of the facet structure were 80 nm~L1'40, L2

'40 nm! for bicrystal B, and 35 nm~L1'20, L2'15 nm!
for bicrystalC, whereD f for bicrystalsB andC was derived
from measurements on 12 and 6 facet periods, respectiv

The two diffraction-contrast TEM images of the bounda
in bicrystalA shown in Fig. 1 illustrate the additional struc
tural features that were observed in all three bicrystals s
ied. Figure 1~a!, which corresponds to a viewing axis ne
@001#, shows the topography of the faceted boundary. Fig
1~b! shows the same boundary as in Fig. 1~a!, but imaged at
a g//^110& two-beam condition by tilting the bicrystal'20°
away from the @001# orientation. The facet structure i
masked by projection effects at this specimen tilt. Howev
the image clearly shows the second hallmark feature of
sawtooth facet structures that has been observed in a
these bicrystals, as well as many others.8,10,11The dark lines
oriented at;45° to the edge of the micrograph show th
image contrast behavior of the facet intersection lines~junc-
tions!. The dislocationlike contrast implies that the boun
aries are characterized by a longer-range dipole strain fi
near the facet junctions that is superimposed on the sh
range grain boundary dislocation network strain field~of
length scale;1 nm at;15°!. A more detailed description
of the microstructures and of general nature of these s
toothed facet structures is given elsewhere.8,10

III. FIELD DEPENDENCE OF Jb„B…

The intergrain transport properties were determined us
a four-probe method. The current leads were attached to
sides of the crystals parallel to thec axis so as to provide
relatively uniform current feed into theab planes of the bi-
crystal. External magnetic field was applied parallel to thec
axes, and thus parallel to the plane of the grain bound
The voltage resolution for the measurements ofV-I charac-
teristics was below 10 nV, and the voltage criterion for t
intergranular critical currentI b was 100 nV. The dependenc
of I b on B was measured in both weak~0–20 mT! and strong
~0–10 T! fields. The effect of temperature on theI b(B) be-
havior was examined for 24 K,T,85 K. We also measured
the magnetoresistanceRb(B)5Vb(B)/I at constant I
.I b(B) by recording the voltageVb(B) across current-

TABLE I. Normal and superconducting parameters of the gr
boundaries.

RbA
(nV cm2)

Jb ~0,77 K!
(103 A/cm2)

a0 (Bp)
~nm!

D f (L1 ,L2)
~nm!

A 4.5 3.5 45 40~30,10!
B 4.2 4.0 93 80~40,40!
C 4.8 3.1 45 35~20,15!
D 7.5 2.9 176,88 not measured

s
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biased grain boundaries. In all cases we found a good co
lation between theI b(B) peaks and the negative magneto
sistance peaks inRb(B).

The basic normal and superconducting parameters
these grain boundaries, such as resistivityRbA, whereA is
the area of the boundary, and zero-field critical-current d
sity Jb ~77 K! are listed in Table I. They were similar for a
samples studied,RbA54.5– 7.5 nV cm2, and Jb (0,77 K)
52.9– 4.0 kA/cm2. The magnetoresistanceRb (B,77 K)
5Vb(B)/I of bicrystal A at 77 K and the zero-fieldV-I
curve are shown in Fig. 2. TheRb(B) behavior shown in Fig.
2 is typical of all weak-linked bicrystals that we have me
sured before. SuchRb(B) behavior is consistent with a direc
measurement of theI b(B) behavior for weak-linked grain
boundaries, i.e.,I b(B) is depressed by mT fields, tending
a small, nearly field-independent ‘‘residual’’ supercurrent
B.20 mT.

ExtendedV-I curves for bicrystalA in the high-field re-
gion 5,B,9 T at 77 K are shown in Fig. 3. This field rang
includes the irreversibility fieldB* ~77 K!'7 T for flux-
grown single crystals. At large voltage and currents, allV-I
curves forB<B* ~77 K! exhibit the same Ohmic behavio
which we believe is determined by the grain boundary re
tance, indicating that the observed dissipation is restricte
the grain boundary region. ForB.B* , an additional intra-
granular dissipation develops. Thus, even for these crys
with comparatively low intragranular critical-current dens
ties, the overall critical current is limited by the grain boun
ary. The negative curvature of the low-voltage portions
the V-I curves taken at 5–7 T indicates that a nonzero ‘‘
sidual’’ supercurrent persists up toB* ~77 K!.

The most interesting transport behavior of these bicrys
was observed in the field range lying between that of Fig

FIG. 2. MagnetoresistanceRb ~B, 77 K! of bicrystal A. Inset
shows theV-I curve measured at zero field and 77 K.

FIG. 3. V-I curves in high field~5–9 T! at 77 K for bicrystalA.
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and 3, where all bicrystals exhibited substantial peaks
I b(B) at B5Bp , which varied from 60 mT to 1 T for the
different samples~see Table I!. The major characteristics o
this effect are summarized in Figs. 4–6. Figures 4~a! and
4~b! show normalized critical currentI b(B)/I b(0) for bicrys-
tals B and C. The peak inI b(B) at B5Bp is quite pro-
nounced, being about 20–30 times larger than the ‘‘
sidual’’ supercurrent and reaching 20–30% of the zero-fi
I b . For bicrystal C, the intergrainJb ~Bp51 T, 77 K!
reached about 50% of the single crystalJc ~1 T, 77 K! value.

Figures 5~a! and 5~b! show theRb(B) curves recorded on
bicrystalD at 77 and 64 K. In this case, two negative ma
netoresistance peaks atBp1 andBp2 are visible for both tem-
peratures, withBp2'(460.5)Bp1 . TheseRb(B) curves ex-
hibit hysteresis, which rapidly decreases as the fi
increases. This may account for the absence of any appa
hysteresis in theI b(B) curves of bicrystalsB andC in Fig. 4,
for which the peaks inI b(B) occur at much higher fields~1
and 0.2 T!. It is interesting that the hysteresis effect in the
bulk bicrystals occurs at much lower fields than for thin fil
bicrystals, where hysteresis at fields up to 8 T has been
reported.5

FIG. 4. NormalizedI b(B,77 K)/I b(0,77 K) for bicrystalsB ~a!
and C ~b!. Jb(0,77 K) is about 4,500 A/cm2 for both bicrystals.
Pronounced peaks atBp50.2 T ~a! and 1 T~b! are shown.

FIG. 5. MagnetoresistanceRb(B) data for bicrystalD at 77 K
~a! and 64 K ~b! showing dips atB5Bp1 and B5Bp2 , Bp2

'4Bp1 . Bp1 andBp2 values are the same for 77 and 64 K.
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10 954 57X. Y. CAI et al.
The temperature dependence of theI b(B) peaks for bic-
rystalsA and B, shown in Fig. 6, was determined by me
suring the positionsBp of the negative magnetoresistan
peaks from 77 K down to 25 K. For bicrystalsA andB, Bp
was found to be essentially temperature independent abo
temperatureT0 , whereT0'32 K for A andT0'60 K for B.
A similar result was also obtained for bicrystalD, as evi-
denced by theBp1 andBp2 values measured at the two di
ferent temperatures@Figs. 5~a! and 5~b!#. Below itsT0 of 30
K, the I b(B) peak of bicrystalA rapidly decreased and dis
appeared by'25 K, whereas theI b(B) peak of bicrystalB
gradually shrank below itsT0 of 60 K and shifted to lower
temperatures, finally disappearing by'35 K.

The weak-fieldI b(B) behavior, as reflected in theRb(B)
curve shown in Fig. 2, clearly indicates an overall reduc
coupling at these 15°@001#-tilt grain boundaries. For thin-
film grain boundaries, the macroscopic average coup
strength is usually characterized by the zero-field critic
current densityJb(0), or by the ratio Jb(0)/Jc(0). This
method is less justifiable for bulk bicrystals becauseJb(0) is
limited by significant self-field effects.17 As a result, the val-
ues ofJb ~77 K, 0 T!, which are listed in Table I for com
parison between different samples with similar dimensio
cannot be considered as a measure of the intrinsicJb . In a
separate experiment, we found that the zero-fieldJb ~77 K!
of a bicrystal was increased by a factor of 6 when its thi
ness was reduced from 100 to 30mm, consistent with a sub
stantial self-field effect. We note that the measured bound
resistivity RbA'5 nV cm2 is comparable to the lowest re
ported values for weak-linked thin-film bicrystals.18 Thus,
there is no reason to conclude that these bulk bicrystals h
poorer grain boundary properties than those of thin-film
crystals.

A key aspect of these results is that the observed peak
I b(B) are temperature independent over a large tempera
range and occur at fieldsB5Bp for which the intervortex
spacinga0(Bp)51.07(F0 /H)1/2 is commensurate with the
average period of the facet structure,D f . The values of
a0(Bp) and D f for bicrystals A, B, and C are shown in
Table I. There is a good correlation betweena0(Bp) andD f
for each of these bicrystals:D f differs froma0(Bp) by 6%
for A, by 20% forB, and by 27% forC. The greater differ-
ences betweenD f anda0(Bp) for bicrystalsB andC may be
the experimental uncertainty ofD f due to the smaller numbe
of facet units used in the calculation of the average perio

In addition to theI b(B)-peak behavior, all of the bicrys
tals showed a field-independent ‘‘residual’’ supercurrent t

FIG. 6. Temperature dependences of theI b(B) peak positionBp

for bicrystalsA ~d! andB ~s!.
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persisted up to magnetic fields close to the intragr
Bg* (77 K). This ‘‘residual’’ supercurrent is commonly ob
served in HTS grain boundaries, and has been attribute
structural disorder along grain boundaries,19 such as that re-
sulting from oxygen defects7 or the dislocation networks.6

Because of the quasiperiodic character of the facet struc
in these grain boundaries, the distribution of oxygen defe
and hole concentration in these grain boundaries is likely
be periodic too. This supposition is strongly supported by
temperature effect on theI c(B) peaks as discussed later. Th
intergrain irreversibility fieldBb* (77 K) remains close to the
Bg* (77 K), indicating that these grain boundaries conta
paths that can transmit supercurrent up to at least the
versibility field of the grains themselves.

IV. DISCUSSION

The observed correlation betweena0(Bp) and D f indi-
cates that the facet structure strongly modulates the lo
intergrain Jb(x). Generally, the overall intergrain critica
current densityJb5I b /A is determined by the pinning forc
f 5 f 11 f 2 of the vortices at the grain boundary~intergrain
vortices!. Here f 1 is due to the interaction of intergrain vor
tices with the inhomogeneities of the grain boundary cau
by the facet structure, whilef 2 comes from the magnetic
interaction of the intergrain vortices with the pinned intr
grain vortices.20 In the transition region from strong to wea
coupling, the nature of the intergrain vortices and their int
actions with facet structure and intragrain vortices stron
depends onu. In the dislocation model of the grain bound
ary, the description of theJb(B) behavior is different foru
.uc andu,uc .21 For u.uc , i.e., the weak-coupling limit,
the grain boundary is often regarded as a continuous in
face formed by overlapping dislocation cores that are gen
ally assumed to be in an insulating state.21,22 Such a high-
angle grain boundary can be modeled as a parallel arra
decoupled Josephson contacts formed by the grain boun
facets, and the peaks inJb(B) are due to Fraunhofer oscilla
tions modified by the presence of the intragrain Abrikos
vortices ~A vortices! at fields well aboveBc1 . For u,uc ,
the dislocation cores do not overlap and the grain bound
contains high critical-current density channels.15,21 In this
case the intergrain vortices are mixed Abrikosov vortic
with phase-Josephson cores~AJ vortices!,23 unlike the usual
Josephson vortices~J vortices! for u.uc . The facet struc-
ture provides a periodic pinning potential for the intergra
AJ vortices, resulting in enhancement ofJb , if the intervor-
tex spacing is commensurate withD f . Interestingly, both
scenarios foru.uc and u,uc yield qualitatively similar
peaks inJb(B). In the following we consider the casesu
.uc andu,uc separately.

A. Fraunhofer oscillations at u>uc

This case corresponds to a weak coupling conditionJb
!Jc whereJc is the intragrain critical-current density. Th
observedJb is determined by the transparency of the gra
boundary to the supercurrent, while the intragrain vortic
are assumed to be fixed by strong bulk pinning and t
unaffected by the weak Josephson current flowing thro
the grain boundary. However, the intragrainA vortices
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strongly influence the field dependence ofJb(B) through
changing the distribution of magnetization currents arou
the grain boundary. We model the grain boundary as an a
of parallel decoupled uniform junctions of lengthL'D f ; the
observedI b(B) peaks thus correspond to a modified Frau
hofer pattern of a short Josephson contact in the presenc
intragrain vortices. The field dependence ofJb(B) of such a
contact is given by24

Jb~B!5J0@f0 /~pBLL0!#usin~pBLL0 /f0!u, ~1!

where L0(B) is the grain boundary magnetic thicknes
which may be much larger than the structural thicknessd,
f0 is the flux quantum, andJ0 is the tunneling Josephso
current atB50. For B,Bc1 , the magnetic thickness of th
contact, L0(B)5d12l, is determined by the Meissne
screening currents flowing parallel to the grain bounda
wherel is the London penetration depth. In this case, Eq.~1!
gives the well-known Fraunhofer dependence ofJb(B). For
B.Bc1 , penetration of vortices into the grains strongly a
fects the magnetization currents flowing parallel to the gr
boundary, andL0(B) becomes of the order of the intervorte
spacing,25

L05z02
a0

2
28pl

M

B
, ~2!

whereM5(f0/32p2l2)ln(B0 /B) is the equilibrium magne-
tization,B0 is of the order of the upper critical fieldBc2 , and
z0 is the distance of the first vortex row from the gra
boundary.26 For B@Bc1 , the last term in Eq.~2! can be
neglected; thusL0(B)5za05z(f0 /B)1/2, where z is a
number of order unity, which generally depends on bulk p
ning and the geometry of the grain boundary. For our bicr
tals, bulk pinning is comparatively weak, soz is mostly de-
termined by the geometry of the facet structure. Substitu
L0(B)5z(f0 /B)1/2 into Eq. ~1!, we arrive at

Jb~B!5~J0 /pzL !~f0 /B!1/2usin@pzL~B/f0!1/2#u. ~3!

Figure 7 shows the normalized current densityJb(h)/J0 as a
function of the dimensionless fieldh5B(zL)2/f0 calculated
from Eq. ~3! ~curve 1!. HereJb(h)/J0 vanishes ath5n2 @or
B5f0n2/(zL)2#, and the positions of the maxima o
Jb(h)/J0 increases quadratically withn at largen, wheren
50,1,2, . . . . The first peak in Jb(h) at h'2.2 @Bp
'2.2f0 /(zL)2# is about 20% ofJ0 , in agreement with the

FIG. 7. Normalized critical currentJb(h)/Jb(0) as a function of
the reduced fieldh5B(zL1)2/f0 calculated from Eq.~5! for J1

5J25Jb and differentL1 /L2 ratios. The inset shows the mod
geometry of a parallel array of decoupled Josephson contactsB
'Bp ; circles and ellipses represent the intragrain and interg
vortices, respectively.
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observed height of the first peak@Jb(Bp)/J0'0.2– 0.3#. The
higher-order commensurate peaks inJb(B) lie in the field
region whereJb(B) drops below the noise level. Howeve
the magnetoresistance measurements shown in Fig. 5 cle
revealed a satellite peak inRb(B) located atBp2'4Bp1 , in
accordance with Eq.~3!. The observed matching conditio
(a0'L) for the first peak inJb(B) requiresz'1.35.

If the facet lengths have a distribution functionF(L), the
averagedJb(B) becomes27

Jb~B!5J0L0E
0

`

F~L !Usin
L

L0
U dL

L
, ~4!

where L05(f0 /B)1/2/pz;a0 . The distribution ofL de-
creases the amplitude of higher-order peaks inJb(B) and
smears out the cusps inJb(B), producing minima which
have finiteJb(B). For instance, if the grain boundary can b
modeled as alternating segments of lengthL1 and L2 with
local average critical current densitiesJ1 andJ2 , then

Jb~B!5
1

zp~L11L2!
FJ1Usin pzL1A B

f0
U

1J2Usin pzL2A B

f0
UGAf0

B
. ~5!

This model may be more adequate to describe theJb(B)
dependence of a faceted grain boundary, since the length
the grain boundary segments that form the sawtooth fa
structure in Fig. 1 can be unequal as was mentioned bef
Figure 7 shows the dependenceJb(h)/J0 as a function of the
reduced fieldh5B(zL1)2/f0 for different L1 /L2 and J1
5J25J0 . This simple model gives a qualitative descriptio
of the observed matching effect, although the measu
shape of theI b(B) peaks may substantially deviate from th
given by Eq.~3!. In particular, the calculated peak was abo
three times broader than that observed in Fig. 4~b!, which
can hardly be ascribed to a distribution of the facet leng
D f , or to nonuniform current flow through the junction
which usually broadens the Fraunhofer peaks. There are
eral factors that can influence the shape of theI b(B) peak.
For example, parallel electron-energy-loss spectroscopy
obtained on similar bicrystal grain boundaries indicated t
the grain boundary is sheathed by an hole-depleted re
with the thickness'40 nm,28 comparable to the magneti
thicknessL0'a0 of the grain boundary. This layer of re
ducedTc can affect the positionz0 of the first vortex row
neighboring the grain boundary, which plays a key role
the field dependence ofJb(B) at B@Bc1 . Furthermore, the
peakJb(Bp) value was found to be only two times small
than the intragrainJc(B) measured on a similar single crys
tal. The smallJc(B) may violate the applicability condition
Jb(B)!Jc(B) of Eq. ~3!, which implies fixed intragrain vor-
tices unaffected by the weak Josephson current through
grain boundary. ForJb(B);Jc(B), the commensurate face
structure gives rise to an additional pinning of bulk vortice
thus changing their arrangement near the grain boundary
makingz dependent onB.

The substantial hysteresis in the magnetoresistanceRb(B)
in Fig. 5 can be due to the hysteretic field distribution in t
grains described by the Bean model.30 Indeed, as the applied

in
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10 956 57X. Y. CAI et al.
field Ba increases, the local fieldB(x) along the grain
boundary varies fromBa–Bg in the center toBa at the
sample edge, whereBg is the field of full flux penetration in
the grains. AsBa decreases, the local fieldB(x) varies from
Ba1Bg in the center toBa at the sample edge. The fiel
variation along the boundary produces a mismatch betw
the local intervortex spacinga0(B) and the periodic face
structure, thus suppressing the commensurate peak
Jb(B). The suppression of the peaks inJb(Ba) is stronger in
the case of increasingBa , for which the local B(x) is
smaller thanBa , anda05@f0 /B(x)#1/2 is more inhomoge-
neous as compared to the case of decreasingBa , for which
B(x).Ba . In this model, the hysteresis ofJb(B) is most
pronounced in the low-field region, in qualitative accordan
with the observed hystereticRb(B) curves in Fig. 5. A more
quantitative description is complicated by the high asp
ratio ('10– 20) of our thin bicrystals, which were measur
at perpendicular magnetic field and by the strong depende
of Jc(B) at low B. For this geometry, both the magnet
optical imaging and detailed calculations of the local fl
distribution31,32 have revealed very inhomogeneousB(r ) in
the bulk and nonmonotonicB(x) profiles along the grain
boundaries due to strong demagnetizing effects. Likewise
the parallel field orientation, both theB(x) along the bound-
ary and the local intervortex spacinga0(B) for the perpen-
dicular geometry were found to be more inhomogeneous
increasingBa than those for decreasingBa , especially for
Ba;Bg .31,32 This manifests itself in the hystereticRb(B)
and the suppression of the commensurate peaks in the
field region.

B. Commensurate pinning atu<uc

For u,uc , the dislocation cores do not overlap, thus t
grain boundary contains channels of comparatively un
turbed lattice that are able to carry significant supercurre
The channels strongly affect the structure of the intergr
vortices that turn into intermediate AJ vortices with pha
Josephson cores whose length along the grain bounda
'jJd /Jb is larger than the coherence lengthj, where Jd
5cf0/16p2l2j is the depairing current density andJb is the
intergrain critical-current density averaged along the gr
boundary.23 Since the AJ vortices have larger core sizes th
the A vortices, they are pinned more weakly than the int
grain vortices, thus yielding a smaller intergrainJb as com-
pared to the intragrainJc , as is shown in the bicrystals o
this study. On the other hand, if 1,l, the magnetic interac
tion between intergrain AJ and intragrainA vortices becomes
rather insensitive to the vortex core structure and rema
approximately the same as in the bulk. Therefore, the in
grain AJ vortices are maintained with a spacing ofa0
5(f0 /B)1/2 andJb(B) is enhanced at fields that satisfy th
commensurability condition ofna0(B)5mDf .

The above interpretation of the peaks inJb(B) is in a
sense similar to that of the caseu.uc , since the Fraunhofe
Jb(B) patterns can also be interpreted as being due to
ning of Josephson (J) vortices by the junction edges, th
peaks inJb(B) approximately corresponding to half-integ
numbers ofJ vortices in the contact.29 For periodically
modulated long Josephson contacts, similar peaks inJb(B)
can occur due to commensurability of theJ vortex structure
en
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and the pinning potential.32,33However, there is an importan
difference between the casesu,uc andu.uc , which can be
tested experimentally. Indeed, foru.uc , the grain boundary
is a weak link whoseJb(B) is much smaller than the intra
grainJc(B); thusJb(B) is rather insensitive to the pinning o
intragrain A vortices. By contrast, foru,uc , there is a
weakly pinned chain of AJ vortices in the grain bounda
that can strongly interact with the intragrainA vortices. This
makesJb(B) dependent not only on the properties of t
grain boundary, but also on collective pinning of the intr
grain vortex structure near the grain boundary. This can
shown by estimatingJb(B) for an AJ vortex chain moving
through a strongly pinned bulk vortex structure.20

We consider the case of negligible core pinning of the
vortices (1@j), for which the pinning energy results from
quasiperiodic modulations of the magnetic energyW5
2f0H(r )/4p of an AJ vortex due to variationsdH(r ) of the
local magnetic fieldH(r ) caused by a fixed intragrain vorte
structure. The pinning force per unit length is then of t
order ofdW/a0 , wheredW;f0dH/4p is the amplitude of
the fluctuations inW(r ), and dH;(f0/4pl2)e22p at H
@Hc1 .26 This gives the critical-current densityJb
;cdH/4pa0 in the form

Jb>0.01JdAH/Hc2. ~6!

For YBCO ~j520 Å, l52000 Å, andJd;108 A/cm2!, Eq.
~6! yieldsJb;1023Jd;105 A/cm2 at B;0.01Bc2 . This cal-
culatedJb value is much larger than theJc values typically
measured in flux-grown YBCO crystals, suggesting that
pinning of the AJ intragrain vortices cannot occur indepe
dently of the surroundingA vortices. Therefore the observe
Jb of low-angle grain boundaries withu,uc is due tocol-
lectivepinning of both inter and intragrain vortices.

In the collective pinning model34 Jb is determined by all
vortices lying in a sheet of widthRcb near the grain bound
ary, whereRcb is the transverse pinning correlation leng
determined by both the stronger intragrain pinning and
weaker core pinning of the grain boundary. TheRcb is there-
fore larger than the bulk correlation lengthRc far from the
grain boundary, and is much larger than the intervortex sp
ing for the weak bulk pinning typical of our samples. In th
case the pinning correlation volume for the grain bound
contains many intragrainA vortices, thusJb essentially de-
pends on bulk pinning, and shouldincreaseas the intragrain
Jc is increased.

Summarizing these arguments, we expect thatJb(B) is
much smaller thanJc(B) and is independent ofJc for high-
angle grain boundaries (u.uc). By contrast, for low-angle
grain boundaries (u,uc), Jb(B) is comparable toJc(B) and
increases as the intragrainJc(B) is increased.

C. Coupling modulation by the facet structure

Our experimental data show that the magnitude of
peaks inI b(B) rapidly diminishes as the temperature is low
ered below 60 K, thus suggesting that the neighboring fac
become coupled at lower temperatures. The facet decoup
at high temperature may result from the long-range stra
concentrating near the facet junctions~see Fig. 1!, which
cause local variations of the critical temperatureTc(r ). For
small in-plane deformations,35
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Tc~x,y!5Tc02Ca«aa2Cb«bb . ~7!

Here«aa(r ) and«bb(r ) are the principal values of the stra
tensor« ik(r ) along thea andb axes,Tc0 corresponds to the
undeformed sample, and the constantsCa52]Tc /]«aa and
Cb52]Tc /]«bb determine the change ofTc under uniaxial
deformation. For optimally oxygen-doped YBa2Cu3O72d
single crystals, pressure experiments have shown thatCa'
2200 K andCb'300 K have opposite signs due to the i
fluence of the Cu-O chains, and the valuesCa and Cb can
increase by 2–10 times in underdoped samples.35,36 Rough
estimation of strains around the facet structures seen in F
have shown that the principal values«aa(r ) and«bb(r ) may
reach about 1%, even 20 nm away from the facet junctio8

According to Eq.~7!, these strains can give rise to significa
(;10 K) local suppression ofTc(r ) around the facet junc
tions on a scale much larger than the coherence lengtj
;2 nm, and cause inhomogeneities in the localJb(x) values
along the grain boundary. In addition, the hole deplet
measured near grain boundaries28 may considerably enhanc
the effect of the strain-inducedTc suppression due to th
increase of the constantsCa and Cb .36 Since the localTc
around the facet junctions is suppressed to a valueTc min on
a length scale much larger thanj, or the proximity length
jN5hvF/2pT;j at T'Tc , the strain mechanism provide
facet decoupling in the temperature regionTc min,T,Tc0.

An additional contribution to the localTc suppression can
also result from the redistribution of oxygen vacancies in
strained region around the facet junctions.36 At thermody-
namic equilibrium, the concentrationc(r ) of the vacancies is
given by

c~r !5c0expS 2
K«~r !V0

T D , ~8!

where K is the bulk elastic modulus,«5«aa1«bb is the
local dilatation,V0 is the atomic volume of an oxygen va
cancy, andc0 is the concentration of oxygen vacancies
undeformed samples. Since the redistribution of oxygen
cancies is determined by slow oxygen diffusion, it mos
occurs during bicrystal preparation at temperatures m
higher thanTc0 . As a result, cooling the bicrystal can pro
er

ey
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e
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duce quenched structures of vacancies or other impur
around the grain boundary with nonequilibrium distributio
c(r ) quite different from those given by Eq.~8!. Modulation
of the local oxygen concentration by the strains near face
grain boundaries may result in the filamentary structure p
posed by Moeckleyet al.,7 who assumed that point contact
which have dimensions from'1 to 60 nm, are formed by
local clustering of oxygen defects.

Other sources of chemical nonstoichiometry associa
with the facet structure are also possible. For example,
tailed STEM-EDS studies have shown that excess cop
segregates at boundaries in intervals consistent with the
riods of the extended strain fields.11

IV. CONCLUDING REMARKS

We have studied a group of grain boundaries of flu
growth YBCO @001#-tilt bicrystals with misorientation
angles around 15°. These grain boundaries appear plan
light micrographs but are characterized by periodic fa
structures on the nanoscale. Transport and microstruct
studies showed a pronounced matching effect that m
fested itself in distinctive peaks inI b(B) when the intervor-
tex spacing was commensurate with the period of the fa
structure. This observation provides direct evidence t
facet structures modulate the order parameter of the g
boundary. Microstructural observation and the temperat
dependence of the matching effect suggest that the heter
neity is controlled by the long-range strain fields that a
associated with the facet structure.

The pronounced peak inJb(B) at high fields correlated
with the facet structure offers the possibility that the hig
field Jb value of polycrystalline HTS could be substantial
enhanced by introducing pinning centers in the intergr
and/or intragrain regions.
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