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The critical current density flowing across low angle grain boundaries in,€B#&-,_ 5 thin films has been
studied magnetometrically. Filn{200 nm thicknesswere deposited on SrTi(bicrystal substrates containing
a single[001] tilt boundary, with angles of 2, 3, 5, and 7 degrees, and the films were patterned into rings. Their
magnetic moments were measured in applied magnetic fields up to 30 kOe at temperatures of 5-95 K; current
densities of rings with or without grain boundaries were obtained from a modified critical state model. For
rings containing 5 and 7 degree boundaries, the magnetic response depends strongly on the field history, which
arises in large part from self-field effects acting on the grain boundary.
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[. INTRODUCTION magnetic field was applied perpendicular to the film, i.e.,
along the crystallographic axis.

High-temperature superconductors characteristically have The regime of lower angle grain boundaries is interesting,
highly anisotropic properties and a short scale of the supeifor with decreasing tilt angl@, the mode of current conduc-
conducting coherence length As a consequence, the criti- tion appears to crossover from weak to strong linkage. Tech-
cal current density across grain boundaries can be signiffologically this is highly relevant: recently developed meth-
cantly reduced relative to that which flows within grains. For0ds for forming highly textured coated conductors, such as
reasons that are not well understood, a large misalignment &flling-assisted - biaxially ~textured SUbStT‘?‘tdﬁAB'g—_Sl)o
adjacent grains suppresses the order parameter along tHgefS- 6,7 and ion-beam assisted depositiiBAD),

grain boundary(GB) and as a result, the adjacent grains arevastly improve the current conduction in multicrystalline

weakly linked. The weak-link behavior of a high-angle grain coate(_j conductors of hig_h—tgmpe@tur_e superco_nductors, by
boundary and a near-exponential decrease in the GB critic%ﬁ]dlfg'sr;it;]f gg??t?fﬁcglnstlongmgltllg '?;g ?herzerglar:t]:rigr blce)\_/v
current density]cGB with misorientation angle were first stud- 9 . y gles,

, ) 1 i tween dislocation cores on the grain boundary is only mildly
ied by Dimoset al." in YBa;CsO; -5 (YBCO) materials.  poryyrhed and this provides a strong conduction channel

Since then, a number of studies have been conducted on tr&%mparame to or wider than the in-plane coherence leHgth.
and other highF, superconductors, as reviewed recently byFor further development of coated conductors, an under-
Larbalestieret a|.2 and Hllgenkamp and Mannhérﬂ—hese Standing of |ow-ang|e GB’s is important, for it gives guid-
review articles provide an excellent overview of grainance as to how highly textured the materials must be. Spe-
boundaries in these materials, the controlled synthesis dfifically, are low-angle GB's still weak linked and
GB’s, current transport, and related topics. Much earlieresponsible for large reductions of the GB current density?
work focused on the properties of GB’s with relatively large How does the application of an external magnetic field affect
misorientation angle®>10°, where intergrain current con- the current flow?

duction is severely suppressed. More recently, the |-V This magnetometric study of low-angle GB’s is based on
(current-voltage characteristics of large angle GB's in a simple equation from electrodynamics. A circulating cur-
SmBgCuw,0,_ 5 thin films have been studiédin other re-  rent generates a magnetic dipole moment according to the
cent work, Durrellet al? investigated the transport current equation

density in low-anglg5°) boundaries in YBCO, with a mag-

netic field applied in the plane of the film, within the Cu-O

planes; in this configuration, the current density was strongly m= (1/29)j (rxJ(r)dV, @
suppressed only when the field was oriented within some

(temperature and field-dependeangle of the GB, a result whereJ is the current density at locatian This expression
that was explained by flux cutting. The present work concentells us that once the current configuration is established, the
trates on YBCO materials with lower angle GB’s, which arecurrent or(spatially uniform current density can be calcu-
contained in YBCO rings for magnetometric study; here thdated from the measured magnetic moment of a sample. The
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current configuration is related to the sample geometry. Wittdeeply into the GB. When the current excedd&, flux

the sensitivity of SQUID-based instrumentation and a simplenters the hole along the GB and is trapped there. Applica-
ring geometry that helps define the current p&t®we ob-  tion of still higher fields drives flux into all of the grain
tain the critical current density. flowing through grain  material where currents with densig¢" flow throughout.
boundaries in the high-temperature superconductoThus a portion of the current approaching a GB can cross it
YBa,Cuw;O;_ 5, and for comparison, thé. of companion  and generate the magnetic moment of a loop, B} The
rings with no GB's. Furthermore, the magnetic responseself-organizing, remaining portion of the current makes a “U
m(H) of the rings are compared and contrasted. We observgirn,”*® giving the magnetic moment of a strip, E&). The

a large peak in the decreasing field branch of théH)  resulting Bean-like flux profile is displaced from the center
curves for GB rings withd=5.1 and 7° and show that its of the strip, just like the case of a superconducting strip
appearance arises largely from a cancellation of the appliedarrying both a transport current and critical state currents.
magnetic field by self-field effects on weakly linked grain | et us defineA by \]CGB:(A/\,\,)JCGr as a measure of the GB

boundaries. current(geometricallyA/2 corresponds to the displacement
of the flux profile from the center-line of the “strip” Then
II. MAGNETIC MOMENTS IN THE CRITICAL STATE we have

In the critical state model, one assumes that critical cur-
rents with density+ J. flow throughout the superconductor.
In this work, the currents are induced by applying a large _ Gr 2 Gr a2
magnetic fieldH,,, perpendicular to flat, planar samples. It =(Alw)J wdma/c+ ¢ d(2ma)(w—A4)%40.  (8)

is then straightforward to integrate E(L) and obtain the These expressions ignore terms of ordetd)2. Experimen-

associated magnetic moment for several of the sample 41y \e determinel®’ in a separate experiment, then solve
geometries used here. For example, a flat strip of thickdess Eq. (8) for (A/w), from which JSB is obtained
. H c .

length ¢, and widthw has

MGB ring= Micop™ Mstrip (7)

Mtrip="Jcd€W?/40X [ 1—w/3(] 2 Ill. EXPERIMENTAL ASPECTS

according to the sandpile mod@lThis and following ex- In order to use the above equations effectively for this
pressions have cgs units with dimensions in drim A/cm?, study, samples were specially designed as rings in the fol-
andm in erg/G=emu. For the long narrow strips considered lowing process. Films of YBCO were prepared on SrJiO
here, the factof 1—w/3¢]~1 will be neglected. Equation [001]-tilt bicrystal substrates by pulsed laser deposition.
(2) also gives the moment of an “open circuit” thin ring of Three ring samples were made from each YBCO film using
the same thickness and width, whete 27R for a ring of  standard optical photolithography techniques. One ring was
radiusR, placed across a grain boundary so as to contain two grain
boundaries(GB ring); two other rings were patterned on
Mopen ring=Jcd(2R)W?/40. (3)  each of the two adjoining single crystaigrain rings. All
three rings have the same geometry with an outside diameter
2a of 3 mm, an inside diametera2 of 2.8 mm giving a ring
width w of 0.10 mm, and a thickness of 200 nm. The
Mgici=Jo7da/30. (4) ~ substrate was cut into three pieces, each containing just one
ring. Note that all three rings come from a single YBCO film
From this, it follows that a continuous ring with outer radius and as a result, the filmser seshould have the same prop-

Another standard case is that of a disk of outer radiasd
thicknessd. Here one has

a and inner radiug; has moment erties, such as current density, pinning force, etc. Bicrystal
3 3 substrates with 1.8°, 2.8°, 5.1fwo samples and 7°[001]-
Mring=Jcmd(a”—a3)/30. () tilt boundaries were used to make GB and companion grain

ring samples. Sometimes the current density can be dimin-
ished by external degrading factors, such as cracks on a
sample or by maltreatment. To cross check the deduced cur-
Mioop=cma2lc, (6)  rent density values of grain rings, some grain rings were
made into an open circuit by etching a line across the
wherel is the critical current and the speed of lighhas 100 um width (open ring$. This changes the geometry of
value 10 in these laboratory units. the current path without changing the properties of the su-
Let us now consider the case of a thin ring that crosses gerconductor; consistent values hf were obtained.
GB. The GB is expected to have a lower critical current Magnetic measurements were conducted with a SQUID-
densityJ$® and lower critical current$® than the surround-  based quantum design MPMS-7 magnetometer. An indi-
ing epitaxial YBCO grain film with critical current density vidual sample was mounted on a Si disk with Duco cement
JS'. When applying a magnetic field, we first induce cur-and placed in a Mylar tube for support. For each ring, the
rents that circulate around the outer and inner circumferencasagnetic moment was measured as a function of temperature
of the ring and that screen flux from the central htlsi-  and magnetic field. For temperature sweep experiments, a
multaneously flux penetrates into the grain YBCO and moranagnetic field was applied parallel to tleeaxis of YBCO

For a thin ring witha—a; =w<a, Eq.(5) is nearly the same
as the simplest expression
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FIG. 1. (Color online The critical current density], of
YBa,Cu;0; measured magnetically in zero applied magnetic field
(open symbolgs plotted vs temperatur&. Results are shown for
YBCO rings on SrTiQ containing a single 5.1{001] tilt grain
boundary(GB) and for comparison, a grain ringr) with no GB.
Filled symbols show peak values fd¢ in the GB ring measured in
field, as discussed in the text.

FIG. 2. (Color online For a YBCO grain ring without grain
boundaries, the critical current density vs applied fieldH at the
temperatures shown. Inset: the magnetic momma(id) at 5 K
showing symmetric response in increasing and decreasing field his-
tories.

cussed below.We reported previously that corresponding

film at 5 K (500 Oe, 3 kOe, and 3 kOe for grain, GB, and _studigas of 1.8° GB rings yigldgd current densities almost
open rings, respectivelythe field levels were chosen to en- 'qer_]t'cf"“ to those for the ograln rings. It was argued that _the
sure each sample geometry was fully penetrated by the fieldMilarity between the 1.8° GB and its companion grain ring
Subsequently the applied field was reduced to zeig S a consequence of the large numbers of twin boundaries in
=0) to induce circulating currents in the materiahd the YBCO thin f|lm§. . . .
magnet was “reset” to provide the quietest and most stable /S the misorientation of the grain boundary Increases, the
magnetic environmeht Then we measured the remanent- GB current densn.y diminishes significantly. Whﬂ§ is the
state magnetic moment as a function of temperature from §ame as the grain vaIueror a 1.8° boundary, the values at
to 95 K in 1 K steps. Complementary field-dependent mo-T =5 K fall to ~50% of ;" at #=2.8°, to 5% at 5.1°, and
mentsm(H), i.e., hysteresis loops, were measured in in-t0 3% at 7°, respectively. Interestingfgnd fortunately for
creasing and decreasing applied magnetic fields in the rang@ated conductor applicatiopsthe fractional transport is
from 0 Oe to 30 kOe. The field sweep measurements wer&rger atT="77 K, rising to ~60% of J¢' at #=2.8°, to
conducted at temperatures of 5, 10, 20, 40, 60, 77, and 85 K5-20% at 5.1°, and to 10% c)]“csr at 7°, respectively.
for each ring. To obtain the critical current densityfrom  These results show that a small-anglaxis tilt boundary in
the measured magnetic moments, the critical state expre#ie range 1.8X9=<5.1° clearly impedes the current flowing
sions Eqs(3)—(8) were used for each sample configuration.across it. More precisely, the range 1<86<2.8° contains

the critical angle where a grain boundary begins to suppress

IV. RESULTS OF THE TEMPERATURE SWEEP the current flow across it.
EXPERIMENTS

For the temperature sweep measurements, each ring was V- RESULT OF THE FIELD SWEEP EXPERIMENTS

prepared in the critical state by applying a large magnetic The isothermal magnetic response was studied at tem-
field and then reducing it to zero. Two examples of theseeraturesT=5-85 K. For the grain and open rings, nicely
results forJ(T) in zero applied field are shown in Fig. 1, for symmetric curves of magnetic moment versus field were ob-
a ring containing a 5.1° GB and its companion grain ring.tained, as illustrated by the inset to Fig. 2. The symmetry of
Both have the sam_ near 93 K, as did all of the grain, GB, the hysteretion about the axisn=0 means that the same
and open rings. For the grain ring in Fig. 1, the current denabsolute magnitude afflows in the ring for increasing field
sity JS" was calculated using E¢5). These results are typi- (lower branch and decreasing fieltupper branchhistories.

cal of those observed for the companion rings at 5 K in zerdThe critical current density was obtained from Ef) and
applied field, 34—40 MA/crh For the GB ring, the current Eq. (3) for grain and open rings, respectively. Typical values
density J°® was calculated using E@8). As evident in the were 34—40 MA/crf in zero applied field at 5 K. Figure 2
figure, the values are strongly suppressed relative to those Bhows the field and temperature dependencéféffor one

the grain ring. This is particularly so at low temperatures,of the grain rings. The dependence is simple, with a mono-
whereJ at 5 K in zero applied field lies near 1.6 MA/ém  tonic falloff with both H and T. As in temperature sweep
(The higherd GB data, shown as filled symbols, were ob- experiments, the in-field features(H,T) for the 1.8° GB
tained in finite decreasing magnetic field, as will be dis-and its companion grain ring were nearly identical in field
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FIG. 3. (Color onling The magnetic momenn(H) for a GB
ring on SrTiG, containing a single 5.1° GB. The response is quite
asymmetric, with a large peak in andJS® in decreasing field. For
comparison, the moment of an open rimpen symbols, heavy line
is included to show the approximate magnitude of the signal pro
duced by “U-turn” grain currents.

FIG. 4. (Color onling The field Hpeq¢ where the GBJ, is a
maximum in decreasing field, plotted gsain current density, for
the samples shown at temperatures 5—60 K. Grain boundary angles
are[001] c-axis tilts. (a) The current density isCGr measured in zero
applied field,H,,,=0 and(b) the current density is the grain value
measured at the peak field, i.e.,H¢,,= Hpcax for each case.

sweep experiments. The curvesrofversusH for the 1.8 net magnetic flux, which is perpendicular to the tunneling

antlj 2:8° GB ringr:]]s were as_symmetric as fthﬁse .Of grain }:ingsturrent flow, become zero on the area of the junction. Apply-
n 20”“"?‘“’ the m"’_‘gn?“c response o the rings wit 5'_]ing this idea, one expects that the total magnetic field on a
and 7° grain boundaries is considerably more complex. Th'ﬁrain boundanH, ..., becomes roughly zero at the peak in

is evident in Fig. 3, which §howm(H) for the 7? ring at . J.. Two major fields acting on the grain boundary are the
several temperatures. Also included for comparison are V'répplied magnetic fielH, ., and the fieldH.. created by
gin curves for a representative open ring, which shows th arp >¢

signal produced by a ring with a “grain boundary” of zero duced currents flowing in the vicinity of and parallel to the

. e . N . grain boundary,

conductivity. Qualitatively, the “excess” magnetic moment
in the GB ring(larger than the open ringarises from cur- Hiocal=Happ |Hser- (9)
rents crossing the GB and flowing around the circumference
of the ring. The most prominent feature in th€H) curves  In increasing field, the directions of those two fields are the
for the 5.1° and 7° GB rings is the appearance of a larg§ame, givingH ocai=Happt [Hseid- On the other hand, de-
peak in the decreasing field branch; by comparison, the loopgeasing the applied field reverses the currents near the grain
for the open ring are symmetric about tine=0 axis, as this  boundary, givingH oca=Happ— |Hseif @nd allowing a can-
signal arises from grain-type currents. Compared with theellation of the applied and self-fields. At the peak where
GB current density in zero applied field, the value at the pealdioca=0, one has thaH jeai=Happ pea™=|Hserd *J; the
is considerably larger and it occurs at applied fields of sevlast proportionality follows from the fact that; is created
eral kOe magnitude. To illustrate the difference, the values oby currents flowing near the GB. _ _
J®B at the peak are included in Fig. 1 as solid symbols. Figure 4 tests this scenario by plotting the peak field

The appearance of a peak in the GB current density halpeak@s a function of grain current densitf", where both
been reported many times and it is attributed to the effect ofire measured at temperaturesiiré K to 77 K. InFig. 4(a),
a magnetic field on a Josephson junction, which a grainve consider the simplest approximation that the effective
boundary resembléd.The occurrence of a peak in the(H) currents have the densiy®’ of the grains, measured in
curves of a GB sample, occurring only in decreasing fieldH,,,=0. This is the most appropriate choice, since grain
marks the appearance of weak-link behaffion the small-  currents near the GBwhere H,,.,~0) contribute most
angle grain boundary. It is well known that the maximumstrongly toHge ;. Recall that the YBCO film is fully pen-
tunneling current flows across a Josephson junction when thetrated by flux and thalcGr is determined in separate mea-
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surements on companion rings. Indeed, there is a strong cor- [T T o T T

relation between the peak positidf,e,x and the grain 10k P10 (a) ]

current density, as shown by the straight line in the figure — I { | O

with correlation coefficienR?=0.983. The figure includes § | OO{\ o 7 Sy

data for the weakly linked GB's witl#=5.1 and 7°. To test o O 'M ] 1 .

further the conjecture that a null local field produces the peak "‘2 0 [l | » 1

in J, we reduced the current density in two sets of rings while = VI ‘

maintaining the same overall geometry; they were partially B EWOC&OWO&‘O —

deoxygenated by annealing in 0.2 bar of & 500 °C, fol- -5 (') — é —— "‘ —— é :

lowed by furnace cooling. This decreasg&dto ~65 K for H (kOe)

the 5.1° GB and 75 K for the 7° GB. Data for those GB’s

are also included in Fig. dabeled “deOx”) and they follow 20 I, 0 ]

the same trend as the fully oxygenated rings. o '%O%oo __(E) 1
As seen in Fig. @), there is a clear correlation between é 10} \ ] \ o"‘f’\o o

Hpeaxand the graid$’. One might consider, however, that o oL TT » | ‘. 1

the appropriate scale of nearby currents is the derity = ‘ .“.‘l L H

measured aH ,,,=H,eak. Thus Fig. 4b) presents the peak =10k ‘ b0

field as a funct?opn ofpthis lower, in-field current density. The s Mobooo@ro -

resulting plot is similar to that in Fig.(d), with regression -20 . . . T

coefficientR?=0.986. Overall, these analyses show that the 0 — 2 ' * 4 — 6 '
position of the peaks ichB tracks the nearby current density
quite well. This supports the conjecture that the peaks corre-
spond to a nulling of the local field acting on a weakly linked ki, 5. (Color onling Minor loopsm(H) at T=5 K for (a) a
grain boundary. grain boundary(GB) ring with §=5.1° and(b) a grain ring with no

Next we ask whether currents in the film can create localrain boundary. In both cases, the open symbols show the envelope
fields comparable with the observelde,,. This is a difficult  signal obtained by monotonically sweeping the field freinx 0 up
question, as it involves the magnetic fieldry near the edge to high field, then down to zero; filled symbols show the effect of
of a thin sheet of current-carrying superconductor. For on0 Oe steps iH in the reverse direction, where the orientation of
estimate, let us consider the caselTat5 K with grain cur-  the symbols shows the direction of field change. For the grain ring
rent densityJSr~35 MA/cn?, whereH o, ~2.8 kOe[Fig. in (b), the response is symmetric, while it is quite asymmetric for
4(a)]. Numerical work of Damling and Larbalestiéf has the GB ring in(a).
shown that the perpendicular field isgH~1.1 ugJ.d (in
units of tesla at the edge of a thin disk with radius/thickness symbols in Fig. 5 show the direction of field changé&he
=10%; this expression gives a field ef1 kOe at the edge of changes irmwere very gradual and a field change of at least
one disk anH¢ . i~2 kOe, since current flows on both sides 100 Oe was needed in order to reach the upper branch. This
of the grain boundary. An alternative estimate comes fromexperiment in the increasing field branch was repeated at 4
the work of Brandet al,, who consider a very long thin strip  kOe with similar results. In contrast, the GB system is much
of type Il superconductor in a perpendicular magnetic fféld. more sensitive in the decreasing field branch: when decreas-
For the parameters cited, their expression for the normal fielthg H from high fields to the peak at 2.6 kOe, an increase of
near the edge of a single strip gives values of 1.2 kOe at @0 Oe produced a large reduction in the magnetic moment.
distance 1& £,,= 15 nm from the edge of the strip, and 1.6 An increase of only 20 Oe is large enough to switch the
kOe at distance&,,. Doubling these values as above to ac-magnetic moment almost to the lower branch. At decreasing
count for currents on each side of the grain boundary yield§ields of 1.8 and 4.2 kOe that lie on either side of the peak,
self-fieldsHq s that are very comparable with the 2.8 kOe the effect is similar although less dramatic at 1.8 kOe where
observed experimentally. While the geometfidisk, edge of JSB is smaller. A smaller feature to note is the “foot” where
thin strip) differ somewhat from the GB geometry, these es-a minor loop rejoins the maim(H) curve; particularly no-
timates give some quantitative support for the “null field- ticeable at the lower branch, this componenmnotievelops
weak link” model for the peak in GB current density. as currents with densityS" fully penetrate the “strip like”

To probe further the grain boundary system near the peagortion of the ring.
in JS®, we performed minor loop experiments on the The major conclusion of the minor loop study is that near
5.1° GB ring at 5 K. The results are shown in Figa)5for  the peak in decreasing field, the grain boundaries are very
comparison, identical measurements on one of the graisensitive to a reversal in field-sweep direction. Such a rever-
rings are shown in Fig.(®). The following was done. After sal induces oppositely directed perimeter currents in the film
making a standaran(H) loop to 10 kOe and back tél and switches the sign in E¢9) from (=) to (+). Those
=0, we began to retrace the loop, increaskigrom low  changes quickly add magnetic flux on the grain boundary,
field. Then at 2.2 kOe, the applied field was decreased in 28nd this degrades the tunneling current across the GB. In
Oe steps until the magnetic moment reached the decreasimgntrast, the same experiments on a grain ring give a sym-
field branch of them(H) curve. (The orientations of the metric response, as illustrated in Fighb Steps inH of 20
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Oe give uniform changes im, whether increasing or de- 0.000 ]
creasing; the slopegnV/dH is the same as that Bt=0, as is 0005 | 85K
evident from the equally spaced points for The latter is 1 o717 K
determined almost entirely by the geometry of the ring g 00107 |
through its(effective demagnetizing factdd. From this per- 5 -0.015 50 K-
spective, one can consider that the GB ring at its peak has the =~ 0.020 - 40K ]
very large demagnetizing factor of a thin flat ring, but in- g r >-30K
e - . » -0.025 el
creasingH in a minor loop tends to “open up” the GB and I
reduceD to the smaller values more characteristic of a thin -0.030 e e |
strip. This discussion is, of course, only qualitative since 0035b0——tr T T
some current does flow across the GB. Overall, these minor 0 20 40 60 80 100120 140
loop experiments give further support to the picture that the T " T " T "
asymmetric, history-dependemfB and its peak in decreas- 0.000
ing field all originate in the weak-linkage of a grain bound- _-0.001}
ary that is strongly affected by tHecal field. ‘5 -
Some aspects of the magnetic field dependence remain © -0.002
- - . . O I
difficult to understand. In particular, analysis of the magnetic =
moments in Fig. 3 for increasing field history suggests that & -0.003 i
the values are about a factor-of-2 smaller than one might -0.004 |
expect from estimates d¢i,,., combined with the observed .
behavior in the decreasing field branch. This “excess” asym- -0.005 L . L
metry was also observed by Daling et al?* in transport 0 IOH(Oe) 20 30

studies on YBCO bicrystals with higher-angle grain bound-
aries. Other mechanisms, of course, contribute to the trans-
port of critical currents across grain boundaries. These can
include pinning of GB vortices by facets on the boundary
or pinning of Abrikosov-Josephson vortices on the GB by
interactions with(strongly pinnegd Abrikosov vortices in the

FIG. 6. (Color online The magnetic moment of virgin YBCO
rings produced by applying small magnetic fields, at the tempera-
tures shown(a) an epitaxial grain ring with no grain boundaries
and(b) a ring with grain boundary anglé=5.1°.

grains?®*"However, none of these other mechanisms readilysg second. further increases in the applied fieklove the
accounts for a stronglpsymmetricresponse, most notably g penetration fieldimmediately reduce the magnitude of

the pronounced peak in the decreasing field braordis.

m. Again, this can be attributed to the sensitivity of the GB

J. to thelocal field, i.e., applied plus self-field. Experimen-

VI. ESTABLISHING THE CRITICAL STATE

tally, the GB ring traps no flux until the applied field exceeds

) . . ) _ the (negative peak inm. In an interesting and very useful
While the results cited so far were obtained with the entiregpplication of these general ideas, Patal?® have devel-

sample fully penetrated with flux, it is informative to exam- gped a self-consistent formalism for determining both the
ine how the critical state is established. For these experintergrain and intragrain critical current density in systems

ments, the films were prgpared in th(_a virgin state by coolingontaining many grain boundaries, such as RABIiTS- and
them to low temperature in zero applied field. Then the magigaD-based coated conductors.

netic moment was measured as the field was increased in gstaplishing the critical state in an open ring is an inter-

steps of a few Oe. For the grain films patterned into narrowssting contrast. For a thin strip of width and length¢ that

rings, the magnetic response is rather simpfeincreases the open ring resembles, the magnetic moment is givéh by
almost linearly withH with a slopednm/dH~a>. This is

illustrated in Fig. 6a), where the initial slopes lie within 3%
of the values calculated using Table | of Brardtith (inner
radiusa;)/(outer radiusa) =1.4 mm/1.5 mm=0.933. This

m(H)=— (J.dw?¢/4c)tani(H/H,), (10)

where the scaling fielt .= J.d/ 7 andJ.=constant. Figure
near linearity is observed fromd =0 up to the field of full 7 shows the initial magnetization curve(H) for an open
penetrationH ;~0.1x J.d for this geometry’ Full penetra- ring & 5 K where, in comparison to the closed ring, the
tion, which is marked by a sudden departure from the nomiinitial slope is much smaller and the approach to saturation is
nally linear response in Fig.(8&, occurs at progressively much more gradual. The solid line shows E§0) drawn
lower fields as]. deteriorates with increasing temperature. with the dimensionsv,d,¢ of the strip and the current den-
For rings containing a pair of small-angle grain bound-sity value J.=35 MA/cn? obtained from a full hysteresis
aries, the initial response is similar. To show this, Figh)6 loop, giving H.=22.5 kA/m=283 Oe. The agreement at
presentsm(H) for a ring with #=5.1°. Compared with the low fields is excellent. In larger fields, the theoretical curve
grain ring, however, there are two qualitative differenceslies somewhat below the experimentalbecausel. is not
First, the penetration field is much smaller, due to the lowerconstant, but rather decreases with
| . of the GB; in the range showiri =0-20 Oe, the filnper Also included in Fig. 7 are the magnetic responses of GB
seis little penetrated by flux and the momemtis deter- rings with 6=5.1 and 7°, all at 5 K. The initial signaH
mined almost entirely by circulating currents that cross the=0-10 Oe) develops very rapidly; this increase and the sub-
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Materials investigated were ring-shaped YBCO films with or
without [001]-tilt boundaries. Relating the measured mag-
netic moments to the current configurations in GB, grain, and
open ring samples, we obtained the grain boundary current
densityJCGB from the ringlike contribution to the magnetic
-'.Jmmjm , N moment. The temperature sweep experiments show that a
~0000oog-o-0-g-0-0- T small misorientation 1.8%2 #<7° significantly reduces the
GBo=7° T grain boundary current densiQfB. However, no difference
SEUDUIPGR S was observed between the 1.8° GB and its companion grain
GBo=5.1° | rings. This study suggests that to obtain the highest current
density in YBCO thin films and coated conductors with
0004 R i present grain boundary structures, it will be necessary to re-
0 100 200 300 400 500 G00 700 BO0 duce thec-axis tilt grain boundaries into the range3—4°.
H(Oe) For the 5.1 and 7° GB rings, thm(H) [andJ.(H)] curves
~ FIG. 7. (Color onling The magnetic response(H) of an open  have a large peak in finite field, but only for decreasing field
nng;_solld line s:hows aflt_to Ec{lO)_ in the low field reglgn where history. In small increasing field, the(H) curve of a GB
flux is penetrgtlng the strip. Also included for comparison are thering resembles that of an open ring. These two results from
response of rings witl#=5.1 and 7°. All data are ai=5 K. ) . . . .
the field sweep experiments arise from the weak linkage in
moderately low-angle grain boundaries. The high sensitivity
of the current density across a GB to field changes on the GB
strongly bolsters the weak-link interpretation of low-angle
grain boundaries.
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sequent falloff of|m| are the same as those shown in Fig.
6(b) and discussed above. For larger fields50 Oe, the
magnitude oflm| again increases. This additional contribu-
tion comes from currents induced and flowing entirely within
the grain materia(not crossing the GB as evidenced by the
fact that them(H) curves for the two GB rings are almost
parallel to that for the open ring “strip,” but displaced from ACKNOWLEDGMENTS
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