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Strong to weak coupling transition in low misorientation angle thin film YBa,CuzO,_, bicrystals
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Detailed transport measurements were made of €B#D;_, thin-film [001] tilt bicrystals with misorien-
tation angles of 3°, 5°, 7°, 10°, 15°, and 20°, encompassing the angular regime where the transition from strong
to weak coupling occurs. The study includes measurements of intragrain and intergrain extended voltage-
current characteristics in applied magnetic fields that range from zero to well above the irreversibility field. The
results show that the strong-to-weak coupling transition is progressive at 77 K, occurring at misorientation
angles between 7° and 10° in zero field, and between 10° and 15° in higher magnetic fields. The shapes of the
voltage-current characteristics of the [001] bicrystals and the ratio of the inter- and intragranular critical
current densities are particularly sensitive to individual sample preparation conditions, suggesting that
substrate-film interdiffusion along the grain-boundary dislocations is controlling the effective size of the
superconducting channels between the dislocation cores. The linear decline of the intergranular critical current
density with misorientation angle predicted from present dislocation core overlap models is not found, showing
that additional features of the grain-boundary nanostructure and the mechanism of intergranular current flow
need to be invoked in order to explain transport across low-angleGB®&®,_, grain boundaries.
[S0163-182€09)02626-F

. INTRODUCTION This technique now yields very comparabllg¢77 K) values.
While these are encouragingly high critical current densities,
Among the largest obstacles to bulk-scale, high powemagneto-optic imaging studi€sshow thatJ,. is still limited
applications of high-temperature superconductét$SC’s) by percolation in these textured polycrystalline samples. Un-
are the low critical current densities and weak superconduciderstanding the current flow through the array of low-angle
ing coupling across grain boundarigsB’s) of arbitrary mis-  grain boundaries and other barriers that form in these mate-
orientation angles. Most large scale applications demanglals is essential to raisind, and advancing this technology.
large critical currents in magnetic fields of a Tesla or more,Understanding the current flow across individual low-angle
requiring that a significant fraction of the conductor consistsgrain boundaries, over the range of field and temperature that
of a strongly coupled superconductor. It is well establishedsuch conductors are likely to be used, is an important first
that the intergranular critical current densily, in [001] tilt  step to accomplishing these goals.
thin-film bicrystals of high-temperature superconductors, is The simple model which is most widely used to explain
very dependent on the misorientation angleof the GB*™®  this transition from strong to weak coupling postulates that
As ¢ increases from 0° to 25, decreases and the inter- the strongly coupled supercurrent across the grain boundary
granular coupling changes from strong and single crystalis restricted to channels between the grain-boundary disloca-
like, to weak and Josephson junctionlike. Experiments onion cores or their strain fields:® Since the dislocation spac-
different types of YBaCu;0;_, samples have reported that ing becomes smaller with increasing angleit is natural to
the crossover from strong to weak coupling can vary over gostulate that no strongly coupled superconducting path
wide angular range of 5° to 26%°®although the criteria across the boundary should exist above some critical misori-
for deciding when the transition occurs are not always exentation angled.. This model provides a conceptually rea-
plicit or consistent. sonable explanation of why grain boundaries of increasing
A good understanding of low-angle grain boundary transmisorientation angle undergo a transition from strong to
port is both intrinsically interesting and very relevant to theweak coupling with increasing. However, neither the effec-
recently developed YB&wO;_, coated conductors. These tive size of the grain-boundary dislocations, nor the details of
guasisingle crystalline, biaxially textured, thick films can the grain-boundary dislocation networks are usually known,
have very highl, values. They also have excellent potentialthus leaving the channel width and transition angle quite
to be made in long lengths, making them useful for highuncertain. There is also increasing evidence that low-angle
current applications. With a buffer/substrate layer betweemyrain boundaries have quite heterogeneous dislocation struc-
the nickel alloy and the superconductor, and using ion-beantures. The dislocations can have multiple Burger’s vectors,
assisted deposition to encourage grain alignment of thee partial or primary in nature and be spaced
Y ,O5-stabilized ZrQ substrate layer] (77 K) values of or-  nonuniformly6-8 In addition, the grain boundary can be
der 1x10°A/lcm? in 1-2 um thick layers have been faceted and have compositional variations associated with
achieved®™'? Another technique, rolling-assisted biaxially the facets. Such heterogeneous GB’s may well support par-
textured substratés, produces highl, material by using a allel resistive, Josephson coupled, and strongly coupled cur-
textured Ni substrate with one or more intermediate bufferent paths, complicating any interpretation of the measured
layers between the substrate and the XBg80,_, layer.  current-voltage characteristit&Thus, whatever the concep-
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tual reasonableness of the channel model, it needs moghotolithography and ion-beam milling. The voltage tap
guantitative verification, both to understand how the supertraces were 50@m apart for the intragrain link and 1Q@m
current passes through constricted channels, and because thjgart for the intergrain links.
is an important technological issue for coated conductors, Considerable care was taken to obtain extenéed
where some spread in the grain-to-grain alignment is inevieurves over a wide range of electric and magnetic field. The
table. gold pads on the sample were contacted with spring-loaded,

Another check of the dislocation core model can be foundyold-plated pins connected to a Keithley Instruments 1801
by comparing bulk scale and thin-film transport data. Whilenanovolt preamplifier. Current was fed to the films with a
the dislocations that form thin-film and bulk scale grainKeithley Instruments 224 precision current source and a cur-
boundaries should be similar, there is poor agreement beaent reversal algorithm was used to minimize systematic
tween the results on bulk and thin-film bicrystals of thermoelectric voltage error. The zero field critical current
YBa,Cu;0;_,. For example, flux grown, bulk scal@01] density measurements were done insidg anetal shield
tilt bicrystals with @ less than 10° tend to be strongly placed in a screened room in order to reduce the earth’'s
coupled?® while the electron beam evaporated thin-film bic- magnetic field and rf noise.
rystals of Dimoset al! showed weak-coupling behavior at  The high-field measurements were made in a 14 T super-
angles as low ag8=5°. Irreversibility field measurements by conducting magnet with the applied field perpendicular to
Cai et al?! suggest that strongly coupled channels can existhe film surface and thus to theeaxis of the YBaCu,O,_, .
across 15°, 18°, and 279001] tilt bulk scale bicrystals. Most of the data were taken in a He-gas-cooled variable
Parikh et al?? and Fieldet al® have provided evidence for temperature insert. Some of the higher angle bicrystals were
strongly coupled components in GB’s of mixed misorienta-also measured in a more staldl T Cumagnet, whose field
tion angles exceeding 10° in melt-textured bulk scalefluctuations were=0.04 mT. This greater stability reduced
YBa,Cu;0;_,. Thus there is considerable variation in the the voltage noise due to Josephson vortex motion that was
properties of different YB#Lu;0,_, grain boundaries and seen in the measurements made on weak-linked samples in
no general agreement on the misorientation at which boundhe noisier superconducting magnet. Both intragrain and in-
aries become completely weakly coupled. This uncertainty i¢ergrain voltage-current characteristics were measured for
compounded by the fact that most work has only reported theach value of the magnetic field for each bicrystal. For
ratio of the intergranular and intragranulal,(J.) current higher angle bicrystals, wider intergranular links were cho-
densities, evaluated in zero applied field. Very little highsen for the high-field measurements, so that comparable inter
magnetic-field data is available, and there are even feweand intragrain critical currents were measured.
details about the extended electric field-current density
(E-J) characteristics of individual grain boundarfés.

This paper describes the extended transport behavior in

both low and high fields dfo01] tilt YBa,Cu;O; _, bicrystal Figure 1 shows the ratio of inter- and intragranular critical
thin films with misorientation angles between 3° and Zoo,current densitiesﬂb/JC7 versusé for the PLD thin-film bic-
comparing the results to what would be expected from disrystals measured at 77 K and zero applied field using data
location overlap models. Section Il of the paper describes thggken from the 5 and 1@m wide links, so as to provide the
experimental details, Sec. Ill the zero-field transport behavpest comparison to the 1@m wide intragranular link. Each
ior, while Sec. IV shows how the voltage-current charactermisorientation angle; 3°, 5°, 7°, 10°, 15°, 20°, and 24°, is
istics change with misorientation angle in high magneticrepresented by data from between one and four different bi-
fieldS, and uses this information to compare the inter- an%rysta| Samp|e5, so as to show scatter due to variations be-
intragranular irreversibility fieldsH*. The variations in  tween growth runs. Our PLD data set is indicated by the
properties of several bicrystals with=7° are also presented circles in Fig. 1, where it is also compared to the original
and discussed. Section V discusses and summarizes the &ectron-beam-evaporatéBBE) YBa,Cu,0;_, [001] tilt bi-
sults. crystal data(squares taken from Dimoset al! The EBE
bicrystals were measured in zero applied field at 5 K, and the
Jp/J. ratios are calculated from thlg andJ, values given in
Ref. 1.

The YBaCuO;_ thin-film bicrystals with thicknesses On the whole, the EBE films have a qualitatively similar
ranging from 0.10 to 0.2%um were grown on 0.51cm  J,/J. versus#é relationship as our PLD grown films, but
[001] SrTiO; bicrystal substrates made by the Shinkosha Copossess generally lowed,/J. ratios. This occurs even
using pulsed-laser ablatiq®LD) in a KrF laser system op- though the EBE data were taken at 5 K, rather than at 77 K.
erated at 5 Hz and a wavelength of 248 nm. TheThe greater number of data points for our PLD samples show
YBa,Cu;0,_, was grown in an oxygen atmosphere of 200that the ratio of],/J. can be almost as high as unity fér
mTorr on substrates kept at 730—760 °C. The temperaturketween 0° and 7°. However, the exponential behavior at
was extrapolated from optical pyrometer measurements of higher angles fits well with that observed by Ivaneal’
point on the substrate-mounting block outside of thefor bicrystals grown by PLD on yttria-stabilized zirconia
YBa,Cu;0,_, plume. After growth, the films were pro- substrates. This exponential decrease between 7° and 36° can
cessed to make well-defined test links: a single intragranuldpe seen in the inset to Fig. 1, where the absolute valudg of
link and a number of intergranular links of varying width are plotted.
were made. Gold contact pads were sputtered onto the films Plotted as dashed lines in Fig. 1 are the predictions of the
by using a shadow mask and the links were defined usinghannel model for values of,,=0.39 and 1.13 nm, corre-

Ill. ZERO-FIELD BEHAVIOR

Il. EXPERIMENTAL DETAILS
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FIG. 1. Normalized J,/J.(0T) ratio versus[001]¢ using § 1
electron-beam-deposited thin-film data from Dimeisal. (Ref. 1), -~ 4
taken at 5 K, and pulsed-laser-ablated thin films from this work, =
taken at 77 K. The solid lines show two distinct trends, one of an i
approximately constarlt, /J. up to 7°, and the second an exponen-

tial decrease starting at higher angles. The dashed lines show the
predictions of the simple dislocation core overlap model rfgr
=|b|, andr,=2.9b|. The inset shows the PLD film data on a
semilogarithmic plot without normalization.
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FIG. 2. J. versusH at 77 K,HIlc, with J. defined by a JuV/cm
criterion. Both intergrain and intragraihwere measured for each
bicrystal film:(a) 3°, (b) 5°, (¢) 7°, (d) 7°, (e) 10°,(f) 15°. Intergrain

sponding to the estimated range of the effective core (dize properties are indicated by open circles and intragrain by closed

to 2.9 B in the literature"*° The change from long to short
dashes indicates when the channels between the dislocation
cores become less than a coherence length wide. Since tegponential decrease i with magnetic field, which can be
coherence length decreases with decreasing temperature, goressed a3, = J.,e*", wherel, is the zero-field),, H
ratio of J,/J. should be largerteb K than at 77 K, and the s the applied magnetic field, andis the rate of decrease.
critical crossover angle from strong to weak couplidg,  This rate of decrease varies from 1.2 to 2'Tor the data in
should also be larger. However, when comparing the EBEFig. 2, although some films hadas high as 3 T*. This field
data with our PLD data, the opposite effect is suggested. ldependence is common for intragranular behavior of
contrast to high-angle grain-boundary transport behavioryBa,Cu,0,_, films. In contrast, the intergranulal,(H)
where there is good agreement between different studies, thita show significant deviations from exponential behavior.
lower angle data of this study suggest that low-angle grain- The intergranulad.(H) characteristics of Fig. 2 show a
boundary transport behavior is significantly affected by theyariety of behavior. For the 3° and one [001] tilt bicrystal
growth process. [Figs. 4a) and Zc¢)], the intergrainl.(H) curves also behave
The PLD bicrystal data clearly show two distinct regimesexponentially and are almost indistinguishable from the in-
of behavior, one at low angleso ~7°) where there is tragrain curves. The other bicrystals show an intergrain
essentially no depression &f for the better films, and one at j (H) that decreases more rapidly than the corresponding
higher angles, wherg, exponentially declines with increas- intragrain curve in lower fields, then flattens out and de-
ing 6. This dual behavior is shown explicitly in Fig. 1 by the creases more slowly than the corresponding intragranular
two solid lines. The goal of further understanding thecurve. This is most obvious for the 10° bicrystal in Fige)2
strongly coupled bicrystalse(<~7°), and thedifferences put can also be seen in the BPig. 2(b)], and a second 7°
between bicrystals with the same misorientation angle led tpFig. 2(d)] bicrystal. In Fig. 2d), this 7° bicrystal appears to
more detailed current-voltage measurements in high magave a zero-field intragraid, which is less than the inter-
netic fields. grain value; however, this is an artifact due to damage sus-
tained by the intragrain link during thermal cycling. Finally,
for the higher angle 15° and 20° bicrystals, a rapidly decreas-
ing J.(H) is seen for all fields, with no evidence of any
convergence of the inter and intragrdig{H) at higher mag-

IV. HIGH MAGNETIC-FIELD BEHAVIOR

Figure 2 shows the intra- and intergraih(H,77 K)
curves for the magnetic field parallel to tleaxis at the netic fields.
standard criterion of JuV/cm for a number of low-angle The data sets show that the grain boundag{H) de-
bicrystals. All the intragranular data show an approximatelycreases more rapidly than that of the intergranular link in
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FIG. 3. Voltage-current density characteristics at 77 K, in applied magnetic fielddWihThe intergranular characteristics f@ 0°,
(b) 5°, (c) 7°, (d) 10°, (¢) 15°, and(f) 20° YBaCu;O;_, grain boundaries.

lower fields and that the two characteristics tend to convergeoltage-current density M-J) characteristics that exhibit
at higher fields. It is also to be noted that the changes imualitatively similar properties to thiatragrain characteris-
intergranularJ.(H) properties are gradual, rather than sud-tics. The basis of this criterion is the search for evidence of
den. However, because the intergranular electric field bethe irreversibility fieldH* in both the intragrain and the
comes progressively more localized at the grain boundary astergranularV-J characteristics. So long as this can be ob-
0 increases, it is also important to compare the extendederved in both sets of characteristics, we assert that strongly
voltage—current densityM-J) curves. We prefer to plot the coupled channels are open across the grain boundary. One
V-J, rather than the electric field—current densitl-J) merit of this criterion is that intragranular high-field proper-
characteristic because of this localizationEot the bound-  ties of single-crystal YBZw,0,_ ; films are well knowr?
ary. Nominal electric-field values may be obtained by divid-leading to a minimum of ambiguity.
ing the voltages by the tap lengths of the intragran(f&0 Figure 3 collects some of thesé-J curves at various
um) and the intergranulafl00 uwm) sections. magnetic fields plotted on a double logarithmic scale. These
Further reasons for measuring extendéd characteris- data correspond to the 5°, Y&8d(7°), 10°, and 15° bic-
tics are that they clearly show the growth of resistance at theystals, which are also featured in Fig. 2. In addition, ¥hd
boundary with increasing and because they permit us to curves of Y748-b(20°), measured in thl T Cumagnet,
develop a more rigorous criterion for channel closure tharcan be seen in Fig.(8. As in the J.(H) curves, a clear
that given by the ratio ofl,/J. at zero field. As already progression in their shape with increasing grain-boundary
discussed? one such criterion is the existenceiofergrain  misorientation angle is seen.
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In Fig. 3@, the extended/-J curves of a typical intra- TABLE I. Irreversibility fields at 77 K.
granular link at different magnetic fields are plotted. The
curves are smooth and almost linear on the double logarithSample HEe (T) Hrain (T)

mic scale, with a slight downward curvature in low fields and im0

a slight upward curvature at higher fields. The field at whichigjgz_ggoi 22 ;Z
this curvature changes sign, corresponding to the irreversibi%%_b(r) 3'5 4'0
ity field, H*, is about 3 T, which is close to the value of 4 T ' '

derived by Kochet al?* from their measurements of the ig%&g(ioo) 5'3 38
field-dependent vortex-glass transition temperature in single- 00s-b(15°) 0. 38
Y747s-b(20°) 0

crystal thin-film YBgCu;O;_,. The transition aH* corre-
sponds to the crossover from flux-pinning-dominated behav-
ior belowH* to a flux-flow state at fields above*.

Both the 3°(not shown and the Y698-b(7°) bicrystal s restricted to the low-voltage regions of thieJ curve, and
[Fig. 3(c)] intergranularV-J curves appear very similar to we justify this by noting that there are two kinds of transport
the intragranular curves of Fig(&, showing that it is pos- behavior across the grain boundary. At low voltage levels,
sible to have a significant GB misorientation angle before théhe transport is characterized by the power-law-like proper-
boundary seriously obstructs supercurrent flow. However, ities of the grains and any strongly coupled paths across the
is also clear that th&/-J curves do show more structure, GB, while at higher voltages, flux flows preferentially along
particularly at higher voltages, as the misorientation angldéhe boundary, giving rise to an increasingly Ohriid char-
increases. Figure(B) shows the intergranulaf-J curves for ~ acteristic. Since the strongly coupled channels across the GB
a 5° bicrystal. Consistent with th&.(H) data in Fig. 2b), are the feature of interest for the determinationdgf only
the V-J curves are quite far apart between 0 and 0.5 T, aréhe low voltage region was fit to E¢l). At sufficiently high
quite closely spaced between 0.5 and 4 T, and then resembleagnetic fields and voltages, the intragrain regions on either
the intragranulaiv-J curves above 4 T. As a whole, the side of the GB also become dissipative, causing \heé
curves show the continuous growth of dissipation at the GB¢haracteristic to change back from linear to power law.
which tends to becomes more and more OhmicHai- Both intragrain and intergraiW-1 curves were fit to Eq.
creases, compatible with the appearance of more resistivd), using the magnetic field at which tegparameter goes to
components in the grain boundary. This is consistent wittzero to defineH*. The results of this analysis are summa-
preferential flux flow across the dislocation cores lying in therized in Table I, which shows the inter- and intragreih for
boundary. AboveH* there is an increasing contribution to each sample within an error bar of approximatei9.5 T.
the total dissipation of thitergranularlink from the intra- For misorientation angles at or below 10°, the inter- and
granular portions of the link. However, by 15° and 20°, the intragranularH™ (77 K) values were rather similar. Between
dissipation at the boundary is so large that any additional0° and 15°H&g(77 K) dropped sharply, becoming much
dissipation from the banks is negligible. less than that of the intragranular region, and by 20° no

An additional sign of the weak coupling at the boundarydownward curvature of the double-logarithmie!l charac-
is the appearance of extra voltage noise in¥hd charac- teristic was seen, even at zero field. Focusing on the data set
teristic, which can attain several microvolts, and whichof Table I, we see that thd* values derived from measure-
gradually decreases as the magnetic field increases. Becausents of the intragranular curves ranged from 2.6—4.0 T,
our superconducting magnet did not operate in persisterwhile the intergranulaH* values ranged from 3.0t0 3.5 T
mode, we expect that this noise was generated by small flu¢3°-79, was 5.5 T at 10°, fell sharply to 0.7 {5°), and
tuations of the magnetic field that cause flux hopping in thehen becam 0 T at20°. We do not understand the strong
weakly pinned, Josephson-coupled segments of the gra@nhancement dfi* at 10°, which may be a limitation of our
boundary. evaluation procedure in the limit of almost closed chanfiels.

To determine the irreversibility fieltH*, a phenomeno- SinceH* is measured from the low-voltage regions of the
logical approach was uséd3?® On a double-logarithmic V-1 curve that are dominated by transport through the
scale,H* occurs when the voltage-currevit! characteristic  strongly coupled GB segments, the strong depressidtgf
changes curvature. If the-1 characteristic is then fit to a in the 15° bicrystal indicates that strongly coupled channels
quadratic: no longer exist, signaling that the transition misorientation

angle between strong and weak coupling occurs between 10°
and 15° for these laser-ablated films.
In(V)=a+bIn(l)+c(n(1))?, (1) The variation in high-field transport properties for a single
misorientation angle can be seen explicitly in Fig. 4, which
shows the intergranula¥-J curves of three different 7°
wherea, b, andc are fit parameterdil* is defined wherc ~ [001] tilt bicrystals. In Fig. 4a), the intergranular curves are
=0, which corresponds to a straight line on a double logaclose to power law, similar to those of a single crystal. In
rithmic scale. This method findd* as the field where the Figs. 4b) and 4c), there appears to be a significant weakly
V-l curve most closely resembles a power law. coupled component to th&-J characteristic. In sample

Because of the tendency of tieJ curves of higher angle Y752s-b(7°), seen in Fig. &), the intergrainJ, drops off
bicrystals to exhibit a crossover to linear behavior at highvery rapidly in field, corresponding to the low intragraif
voltages, the whole intergranul&-J characteristic at any values seen in this particular film. These bicrystals were
given field will obviously not fit Eq(1). Accordingly, our fit  grown several months apart, and several modifications to the
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FIG. 4. Intergranula¥/-J curves forHlic in large magnetic fields at 77 K fd¢e) Y692s-b(7°), (b) Y727s-b(7°), and(c) Y752s-b(7°).

growth chamber were made in the interim, making it difficult overlap models is discussed in Refs. 1 and 15. Assuming a
to determine which variable controlled this wide variation in symmetrical tilt boundary, the grain-boundary dislocation
transport behavior. Nevertheless, the intragranularlike natur6GBD) spacingD, as a function of misorientation angleis

of the V-J curves of the 7° bicrystal seen in Fig@@pro-  given by®

vides further evidence that some 7° grain boundaries do not

restrict the supercurrent across them, while others pose a D=|b|/[2 sin 6/2)] @)
significant barrier. '

where|b| is the magnitude of the GBD Burgers vector. High-
resolution transmission electron micrographs of the grain
Extensive characterizations of pulsed-laser-depositetioundaries in our laser-ablated films show that these Burgers
[001] tilt YBa,CusO;_, bicrystals have revealed several new vectors are of the[100] type, with magnitude 0.39 ni,
features of the current transport across grain boundaries lyingithough evidence from studies of bulk scale bicrysfdf¥
in the low to high misorientation angle range. Zero-fieldindicates that multiple Burgers vectors can coexist in the
measurements al,/J. versus@ reveal that there are two same GB(e.g., a/2[110],a[100],a[110]). Within the as-
different regimes of behavior for the PLD bicrystals in this sumptions of the overlap models, transport across low-angle
study and that the ratid, /J. for the PLD bicrystals is gen- GB's is primarily determined by the fractional argh— (D
erally larger than that found earlier for electron-beam evapo-—2r,)] of strongly coupled channel. Using the low-angle
rated bicrystals. From 0° to 73, /J.~1, with essentially no limit of Eq. (2) (D~b/#), Chisholm and Pennycobkpre-
misorientation angle dependence for the samples with thdicted that the ratio of the inter- and intragrain critical cur-
highestJ,, /J.. values. This result is striking and not in agree- rent densities should linearly decline with increasthdol-
ment with dislocation overlap models. It also suggests siglowing J,/J.~1—2r,6/|b|]. By assuming a crossover
nificant material-dependent preparation effects, as we nownisorientation angle from strong-to-weak coupling at 10°,
discuss. they found a large, strain-enhanced GBD radius rgf
The underlying basis for dislocation core or strain-field=2.9b|.

V. DISCUSSION AND CONCLUSIONS
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In fact, a crossover from strongly to weakly coupled be- One factor that may keep th&,/J. ratio high at low
havior is expected when the channel width goes bete§y  angles is that the grain-boundary dislocations can act as
rather than when it goes to zero. This does not simplify thestrong pinning centers, akin to those produced by heavy-ion
problem however, since the effective GBD core radius is sarradiation. Their effective density at 7° corresponds to the
uncertain. Usuallyy,, is assumed to be equal {b|, by vortex spacing at-20 T, setting up the possibility that the
estimating the size of the cation disordered redibhut it intergranular pinning may actually be stronger than the
might be as large as the 2 suggested in Ref. 15. From intragranular pinning in the banks on either side of the GB.
the measureH, of YBaZCl1307,X,29 one finds&(77K) A significant pinning effect of grain-boundary dislocations
~3.5nm, suggesting a strong-to-weak coupling transiign has recently been seen by Diat al® in a 4° [001]
at ~6° at 77 K and~8° at 4 K. Plotted as dashed lines in YB&CuO;_, thin film and by Caiet al*? in several bulk
Fig. 1 are the predictions of the channel model fgy ~ Scale boundaries of higher angle. _

—0.39 and 1.1@.9pb|) nm?% The changes from long to Aseco_nd, md_ep_endent factor that can kégpigh at low _
short dashes indicate when the channels between the dis8"9/€S arses within the framework of the model of Kupriy-
cation cores become less than a coherence length wide at #7°Y €t al.™ in which the channels are long enough and

K. Since the coherence length decreases with temperatur: arrow enough to be unable.tp support vorticgs. Tr_ansport
: . tHien takes place at the depairing current density. Since the
channels should be smaller at 5 than at 77 K, and the ratio o y X 7 5
epairing density for a full gap exceeds'¥Jcm* at 77 K,

Jy/J; and the crossover angle should be larger at 5 than at ven a large fraction of nonsuperconducting dislocation

K. Ip fact, the EI.BE datated K a.nd. our PLD data at 77 K cores can still leave enough narrow channels across the GB
explicitly contradict such a prediction. . to support the 1-810° A/lcm? that is supported by flux
We believe that the underlying reason for this variability ninning within the grains on either side of the grain bound-
of behavior lies in the extreme sensitivity of the GB channels,ry, However, this mechanism breaks down when the chan-
to film formation conditions. There was significant scatter inpe|s become so small that strong proximity effect depression
theJ. values of several low-angle bicrystals with the safne  of the order parameter ardj occurs. Such a model makes it
even though all substrates of a given misorientation came|ear that the ratid, /J, depends both od, and the intra-
from the same batch and all films were made in nominallygranular critical current density]. at low misorientation
the same way. Particular study of the films made on four 7angles. Consistent with this, we generally observe open
[001] tilt bicrystal substrates showed that the ratiochannels up to misorientation angles of at least 20° for bulk-
Jp/Jc(77 K) varied from 0.3 to 0.95, indicating a strong sen-scale YBaCu;O,;_, bicrystals, which have significantly
sitivity to small changes in growth parameters. This variabil-lower intragranular critical current densities(~5
ity leads us to postulate that the underlying cause of the<10°A/lcm? at 77 K, O T versus 10A/cm? for the thin
differences in the 7f001] tilt bicrystals shown in Fig. 4 is films).
small variations in the effective channel widths across each A detailed model of the grain boundary which incorpo-
GB due to small differences in film growth temperature andrates the influence of the grain-boundary dislocation struc-
thermal history. ture and the strain effects that they produce has been pre-
The grain boundary in film Y6%2b(7°) [Fig. 4a)] sented recently by Gurevich and PashitékiThe basic
shows practically no influence of the boundary, while thepostulate is the proximity of all high-temperature supercon-
two others share a distinct “kink™ in the higher voltage parts ductors to the metal-insulator transition. It is well known
of the characteristics that reflects dissipation within thefrom electron-energy-loss measurements on Y-Ba-Cu-O
boundary, which is quite obvious in thé-J data taken on grain boundaries that the boundaries tend to become hole
the 10° bicrystals. We believe that the principal factor con-poor asé increases, leading to a depression of the chemical
trolling the channel width is the extent of diffusion up from potential and an increase in the dielectric screening length at
the substrate. Sr and Ti can diffuse into the bulk of thethe boundary. Thus, although channels of width less than
YBa,Cw,0;_ 5 during film growth® thus making it very as seen in bicrystals havirgr-5-10°, may support critical
likely that there is preferential diffusion along the dislocation currents at the depairing level, in fact the dielectric properties
cores. Substitution or addition of 8ror Ti** to the core can  of the dislocation cores produce a strong depression of the
only increase the effective core radius and diminish the chanchannel properties. Diffusion of foreign atoms from the sub-
nel width, adding resistance to the boundary, thus explainingtrate along the dislocation cores will only exacerbate this
the variation in the observed properties. tendency, narrowing the channels and producing a strong to
To understand the underlying reasons for misorientatiorweak coupling crossover at even lower angles, consistent
angle effects in low-angle boundaries, it is thus appropriatevith the behavior observed here.
to consider the “best,” rather than the “worst,” bicrystals.  To test these ideas of open channels, it is important to
As Fig. 1 shows, the data indicate two quite distinct func-have an experimental test of whether or not strongly coupled
tions for J,(#). Up to about 7°, there can be little or no channels across the grain boundary exist. To search for them,
diminution of current density, while above 7%, shows the we measured the extended voltage-current densiyd)
same exponential dependence @nwhich is already well characteristics, looking for the transition from clearly single
known from experiments on higher ang@01] thin-film tilt crystal-like behavior to clearly Josephson-coupled behavior.
bicrystals. Somewhat surprisingly, there appears to be nbligh magnetic-field measurements of irreversibility field,
barrier to intergranular current flow at lower angles, and theH* (77 K), were made to determine the closure of strongly
simple linear decrease ik, /J. for small 8 expected within  coupled channels across the grain boundary. In the PLD
the dislocation core overlap model was not observed. films, the measured values of the intergranutéf were
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close to the intragranular values up to a misorientation anglpresent strong interest in the many types of biaxially oriented
of 10°, above whiclH* became much smaller than the in- coated conductors, this issue now becomes one of practical,
tragranular values. and not just conceptual importance.

We conclude that the measured closure of strongly
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