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Critical current across grain boundaries in melt-textured YBa2Cu3O7Àd rings
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We determine the critical currentJcB of grain boundaries fabricated by ‘‘welding’’ of melt-textured YBCO
with various degrees ofab-plane misalignment.JcB is determined by monitoring the magnetic moment due to
persistent shielding currents, which were induced in rings containing two sections of a single grain boundary.
The voltage drop across the junctions is estimated to be below 10212 V, much smaller than in typical transport
measurements. As the temperature or magnetic field is increased, an abrupt decrease~kink! is observed in the
magnetic moment of the ring when the induced shielding current in the ring exceeds the critical current across
the boundaries. The kink signals that flux has begun to penetrate through the grain boundaries into the bore of
the ring. This behavior is confirmed by magneto-optical imaging. We observe that grain boundaries with@001#
tilt mismatch angles up to 5° have critical current densities in excess of 104 A/cm2, comparable to the bulk
current density. At larger mismatch angles, the critical current rapidly decreases with increasing angle. The
qualitative behavior ofJcB as function of temperature, magnetic field, and misorientation angle is similar to
that observed YBCO grain boundaries manufactured by other methods.

DOI: 10.1103/PhysRevB.64.144507 PACS number~s!: 74.72.Bk, 74.60.Ge, 74.60.Jg, 74.62.Dh
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INTRODUCTION

Recently, it has been demonstrated that bulk melt-textu
YBa2Cu3O7-d ~YBCO! components can be artificially joine
through a ‘‘welding’’ process.1–10 This technique opens th
way for the fabrication of large-scale superconducting
vices such as trapped high-field magnets, hysteresis mo
magnetic bearings, and current limiters. The performanc
these devices, though, depends crucially on the critical
rent density that can be passed across the weld joint. A
for the assembly of large YBCO structures,ab-plane mis-
alignment of two adjacent pieces to be welded often can
be avoided. It is well established that an important fac
controlling the critical current density of grain boundaries
thin-film as well as in bulk YBa2Cu3O72d is the overall mis-
orientation angle of the grains.11–18 It is thus important to
study the effect ofab misalignment across the weld joints o
the critical current, which can be passed across the joint

Here, we report on the field and temperature depende
of the critical current densityJcB of artificial @001# tilt
boundaries of various misorientations ranging from 0 to 1
that were produced by the welding process. A feature of
measurements is that the critical currents of the grain bou
aries are determined with an extremely low-voltage criteri
JcB is determined by monitoring the persistent currents flo
ing in rings that were patterned across the boundaries.
sistent current measurements are ideally suited for this
periment since they alleviate the need for high-curr
contacts. At the same time they yield values of the criti
current density determined at very low effective voltage,
low 10212V. This low-voltage criterion is similar to tha
encountered in some of the intended applications such
trapped field magnets and magnetic bearings. Another
ample where very low-voltage criterion is of importance
the dissipation across grain boundaries~GB’s! in textured,
coated conductors of YBa2Cu3Ox ~YBCO! made on IBAD
0163-1829/2001/64~14!/144507~9!/$20.00 64 1445
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~ion-beam assisted deposition! substrates. In conventiona
transport methods the voltage criterion is generally 0.1
mV over distances of;1 cm. Since the superconductin
layer exhibits grain sizes smaller than 1 micron, there
;104 GB’s/cm of conductor length. Thus, in obtainingJc
from a typical I -V measurement, which is appropriate f
determining engineeringJc values, the voltage drop acros
an individual grain boundary is 10–100 pV. In order to d
velop coated conductor technology, it is useful to study
properties of individual, isolated grain boundaries und
these applications-relevant conditions.

In this paper we demonstrate that the critical current o
single grain boundary, present in a superconducting ring,
be easily detected from an abrupt change in slope~kink! in
the diamagnetic magnetization, observed as the tempera
or magnetic field is scanned. We find that for misorientat
angles up to 5° grain boundaries associated with weld jo
carry essentially the same current as the bulk whereas
larger angles a strong suppression ofJcB is found. Critical
currents of the grain boundaries are determined in magn
fields between 0 and 2 T.

SAMPLE PREPARATION

Melt-textured cylindrical YBCO monoliths were pro
duced using a top-seeding method. Melt textured Sm1
oriented with itsc axis parallel to the cylinder axis, served a
the seeding material. Typically, between 10- and 26-mm
ameter cylindrical samples were produced. The starting
terials were Y123 and Y211 powders~99.9% purity, Super-
conductive Components! mixed in the ratio of 75:25 by
weight containing an added 0.2 wt % of PtO2. The powders
were thoroughly mixed in an agate ball mill and we
pressed into cylindrical billets under a pressure of 100 M
To eliminate porosity, the billets were heated, in an oxyg
atmosphere to 1040 °C, above the decomposition temp
ture of YBCO, where they were held for 0.5 h an
©2001 The American Physical Society07-1
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were then furnace cooled to room temperature.
To texture the samples, these densified billets were t

processed in air using the following heating cycle. T
sample was first heated to 1030 °C, above the perite
point, and kept there for 2 h for complete melting. The
sample was then fast cooled to 995 °C~undercooled state!.
To obtain the texturing, the sample was then slow cooled
rate of 0.5–1 °C/h to 965 °C and subsequently fast coo
~;100°C/h! to room temperature. Processing was done i
vertical tube furnace with a vertical temperature gradien
the sample location of;4 °C/cm.

The densification step was added to eliminate the ex
sive porosity which typically appears in melt texture
YBCO. This treatment, in an oxygen~nitrogen free! atmo-
sphere, exploits the fast diffusion of oxygen through YBC
and avoids the trapping of nitrogen gas in bubbles within
melt. At the highest temperature in the densification step,
sample has decomposed to a Ba and Cu rich liquid cont
ing dispersed Y211. When such samples are melted in a
profusion of voids, or bubbles, form within the material. T
bubbles, which initially exist in the melt as pockets of e
trapped air, persist through the melt texturing process
ultimately appear as voids in the textured solid. Howev
oxygen has an extremely high diffusivity within YBCO~and,
perhaps within the Ba and Cu rich liquid!, so it is free to
diffuse through the billet as solidification proceeds~or, pos-
sibly even before solidification occurs!. Thus the oxygen will
likely escape entirely from a bubble. However, the nitrog
does not readily diffuse through the material, and hence
mains trapped, preserving the bubbles through the melt
turing process. The trapped nitrogen, and hence the vo
can be eliminated by adding a melting step, prior to the t
turing step, in an oxygen atmosphere.

The resulting samples were void free, being nearly 10
dense. The melt-textured cylinders were then cut in half w
a diamond saw and the two half cylinders were welded b
together after slicing off a wedge-shaped piece to create
sired misalignment of theab-plane orientation. For the weld
ing agent, we used Ag doped YBCO~75% Y123125% Y211
with 10% added Ag2O; all percentages in wt %!. This mix-
ture has a melting temperature about 30° lower than undo
YBCO.9,10 In the welding process, the filler material
heated above its decomposition temperature, but the m
mum sample temperature~1000 °C! remains below the de
composition temperature of the YBCO pieces. With cooli
~0.5–1 °C/h!, the filler material solidifies, and crystallo
graphically oriented growth fronts proceed outward from
misaligned YBCO faces. The growth fronts eventually me
to create the grain boundary. After the welding procedu
the oxygen stoichiometry was fixed by heat treating
sample at 450 °C for 10 days in flowing oxygen. The samp
were then sliced perpendicular to thec axis into disks about
t51.1-mm thick. Rings with outer diameter ofD55 mm
and inner diameter ofd53 mm were then extracted by cor
drilling across the weld joints.

RESULTS AND DISCUSSION

The use of persistent currents in ring-shaped samples
the evaluation of single crystal, polycrystalline and thin-fi
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YBCO has been described before.19–21 Here, we extend this
technique to the study of isolated grain-boundaries in m
textured YBCO. A similar approach has recently been u
for the study of small angle grain boundaries in RABiT
~rolling assisted bi-axially textured superconductor! coated
conductors.22 Magnetic measurements were performed in
noncommercial low-field superconducting quantum interf
ence device~SQUID! magnetometer in the range of 4–100
and 0–200 G as well as in a commercial vibrating-sam
magnetometer~VSM! ~Lake Shore! in the range of 4–100 K
and 0–7 T. The distribution of the magnetic fields in t
sample was also directly visualized using a high-resolut
magneto-optical imaging system.23

Low-field measurements„zero-field cooled…

Figure 1 displays SQUID dc magnetization measureme
taken from a ring sample after cooling to low temperatures
zero applied field. The ring cuts across a weld joint th
contains an 11°@001# tilt boundary. The magnetic field wa
applied normal to the plane of the ring. The data in Fig. 1
displayed as magnetic susceptibilityM /H, as a function of
temperature, for a number of applied magnetic fields. Af
the ring was cooled to low temperature in zero field, a m
netic field ~numbers labeling the curves in Fig. 1! was ap-
plied and the sample was warmed at constant magnetic fi

At the lowest temperatures, whereM is independent of
temperature, flux is completely excluded from the ring bo
either becauseH,Hc1 ~for both the bulk and the grain
boundary; a Meissner state!, or because pinning is suffi
ciently strong, everywhere around the ring, to prevent
flow of flux into the bore of the ring. As the temperature
increased~Fig. 1!, the critical current across the GB will fall
and the shielding current circulating around the ring w
eventually exceed the critical current across the boundary
this point flux will begin to leak into the ring, decreasing th

FIG. 1. Magnetic susceptibilityM /H of an YBCO ring cut
across an@001# tilt grain boundary ~weld joint with an 11°-
mismatch angle!. The ring was initially cooled to low temperature
A magnetic field as indicated was then applied. The data were ta
on warming in constant field. Also shown is the signal obtain
after a slit was cut into the ring~see inset!.
7-2
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CRITICAL CURRENT ACROSS GRAIN BOUNDARIES IN . . . PHYSICAL REVIEW B64 144507
observed magnetization. This onset of flux penetration i
the ring produces the abrupt decrease inM (T) that is clearly
observed in Fig. 1.

Considering the ring to be a single-turn solenoid, the
duced current providing shielding of the ring bore can
estimated from the simple expressionI 5D* H, whereD is
the outer diameter of the ring andH is the applied magnetic
field. Equivalently,I (A)50.4 H ~G!. Thus, for a field of 15
G applied at low temperatures~e.g., below 85 K; see Fig. 1!,
a shielding current of 6 A circulates around the ring. Con
quently, at a temperature of 85 K~when flux begins to pen
etrate into the ring! the critical current across the boundary
6 A. The analysis presented here is a first approximation
the evaluation of the complex current distribution in t
ring.24 In particular, currents are not only concentrated at
outside circumference but also at the top and bottom surfa
of the ring as is directly seen in the magneto-optical ima
~see below!. As a consequence the currents determined fr
the above relation are slightly overestimated.25

As the temperature is further increased above the k
temperatureTk , the shielding current flowing around th
ring becomes limited by the declining critical current acro
the boundary and flux increasingly leaks through the GB i
the bore of the ring. The ring material itself~annulus! is still
completely shielded, i.e., part of the shielding current flo
parallel to the junction to the inner periphery where it flow
in the reverse direction. The nearly linear decrease inM vs T
aboveTk reflects a nearly linear decrease ofJcB with tem-
perature.

The plateau inM /H vs T reached at about 30% of the fu
shielding signal indicates that the critical current across
junction has dropped to zero. The field inside the bore n
almost equals the field outside and the current at the in
periphery equals the current on the outer periphery. The
maining signal is due to flux expulsion from the annulu
which has a transition temperature of about 92 K. The p
teau inM (T) coincides with the diamagnetic signal from th
ring after a slit has been cut into the ring to prevent a
circulating shielding currents. The inset of Fig. 1 compa
the signal of the ring at 1 G, before and after the slit was c

It is instructive to subtract the magnetization of the s
ring ~annulus! from the total signal of Fig. 1. This is done i
Fig. 2 which displays the differenceM ring2M slit ring as a
function of temperature. The numbers labeling the curves
the magnetic-field values. As mentioned above, the ne
linear decreasing magnetization curves are determined by
decrease of the critical current across the junction as
temperature is increased. As expected the curves for the
ferent fields are essentially parallel, determined by the
crease inJcB(T). The higher the magnetic field the larger
the induced shielding current in the ring, i.e., the lower
temperature at whichJcB(T) starts limiting the shielding cur
rent around the ring. However, the curves are slightly d
placed, being nearly parallel on the temperature axis, i.e.,
higher the applied field the lower the temperature at wh
JcB(T) reaches zero. This field-dependent shift inM (T) is
due to the increasing average field inside the junction~see
discussion below about the field dependence of the crit
current!.
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An alternative procedure to determine the critical curre
across the grain boundary is from an evaluation of the lo
field M (H) curves, obtained from VSM measurements. T
ring was initially cooled in zero field to a predetermine
temperature. Then the field was increased at a constant
of 1.5 G/s and the magnetization recorded at constant t
perature. Figure 3 displays the results for a series ofM (H)
scans recorded between 0 and 250 G, after cooling to
indicated temperatures, for the same ring as used in Fig
For each scan, a well-defined kink is observed inM (H),
reminiscent of the kink behavior observed in Fig. 1 f
M (T). The initial slope ofM (H) is determined by the shap
of the ring ~demagnetization factor! and is independent o
temperature. It corresponds to complete flux exclusion fr
the ring~Meissner state!. The experimental value for the de
magnetization factor determined from the slope ofM vs H,

FIG. 2. Magnetic moment of the ring~of Fig. 1! minus the
moment of the slit ring as a function of temperature. The numb
labeling the curves are the magnetic-field values in G.

FIG. 3. Magnetic moment of the ring used for Fig. 1 vs ma
netic field at various temperatures as indicated. The data were t
after initially cooling in zero field from aboveTc to the temperature
of measurement. Also shown is the magnetization of the slit rin
7-3
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H. CLAUS et al. PHYSICAL REVIEW B 64 144507
N50.67, agrees very well with the theoretical estimate26

N512pt/2D50.66 for a disk of diameterD55 mm and
thicknesst51.1 mm. As the field is ramped up, an increa
ingly larger shielding current is induced in the ring. The ki
in M vs H signals the onset of flux penetration into the bo
of the ring. For comparison, Fig. 3 also shows 77-K data
the slit ring.

Figure 4 summarizes the results of Figs. 1 and 3. Plo
is the critical current density across the weld joint,JcB , as
function of temperature. In both methods, at the kink,
induced current for perfect shielding equals the critical c
rent across the weld.JcB is obtained by dividing this curren
by the cross section of the ring. In case of a nonunifo
distribution ofJcB , which can be caused, for example, by
strong-field dependence ofJc , the values quoted here corre
spond to the average current density in the ring. The res
from the temperature and field-dependent measurem
show good agreement. A remarkable feature of these re
is the almost linear temperature variationJcB(T) near Tc .
On an expanded temperature scale this is also visible dire
in the temperature dependence ofM (T) ~see Fig. 2!. The
temperature dependence ofJcB may give information on the
superconducting coupling across the boundary. A linear t
perature dependence as observed here has been interpre
a signature of Josephson tunneling in a SIS junction
scribed by the Ambegaokar-Baratoff formalism.11,19,21 Con-
versely, a quadratic temperature dependence may be in
tive for proximity-coupled SNS junctions.11,27 However, it is
important to note that all the dimensions of the samples s
ied here are much larger than the Josephson penetr
depthlJ5(F0/2pm0Jcd)1/2. Here,d is approximately twice
the in-plane penetration depth in the bulk. Thus a comp
arrangement of vortices will develop in the boundary~see
below! and a description in terms of vortex motion and p
ning in a weak link may apply. It has been observed11,27–29

that a flux-creep controlled critical current can display
approximately linear temperature dependence nearTc .

The penetration of flux into the bore of the ring via a gra
boundary can be directly observed employing magne
optical imaging.7,22 Imaging studies were done on a seco

FIG. 4. Critical current density vs temperature for an 11° gr
boundary. The critical currents were determined from the temp
ture and magnetic field where the kinks are observed in Figs. 1
3 ~see text!.
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ring cut across the same 11° weld joint as the ring studied
Figs. 1–4. This ring had the same inner and outer diame
as the previous ring, but it was thinned for the magne
optical studies to a thickness of 0.35 mm. A field swe
M (H) for this ring at 50 K revealed a sharp kink at a field
60 G ~see below in Fig. 7, upper panel, curve marked zf!.
The induced shielding current at this field is 24 A, giving
critical current density across the junction~cross section
1.030.35 mm2! of 6.8 kA/cm2 at 50 K.

The left panels of Fig. 5 display a series of magne
optical images of a small section of the ring containing t
artificial grain boundary~at location marked ‘‘joint’’!. The
arrows at the top of the left panel mark the outer and in
peripheries of the ring cross section. The right panels in F
5 are magnetic field scans taken across the ring along
dotted line indicated in the upper left panel~marked ‘‘scan’’!.
The sample was initially cooled in zero field to about 48
The field was then increased at constant temperature.
images were taken at various applied fields as specifie
the right panels. Red designates the strongest magnetic
white is intermediate and blue is zero or slightly negat
~opposite direction!.

At 34 G ~top panels! flux is seen to penetrate about 25
of the distance across the boundary. This region of the jo
near the sample edge appears to be an excessively weak
with very low JcB . Away from the joint, the ring material is
largely field free; the field is concentrated at the outer peri
ery of the ring. A small negative field is observed at the inn
surface of the ring, indicative of supercurrent flowing on t
top ~and the bottom! surface of the ring. Some field penetr
tion is observable along a line above the weld joint, possi
resulting from small-angle misorientation of subdomain
These types of defects do not affect our measurement
they only minimally reduce the magnetic moment of t
ring.

At 45 G ~second panels from the top!, magnetic flux has
penetrated further into the grain boundary, as indicated
the lengthening white line. However, the field profile sho
that no flux has yet penetrated into the bore. As the field
further increased, the white line continues to penetrate
ther into the boundary. A qualitative change is observed
the field profile between 67 and 78 G. Between these
field values, flux has begun to penetrate into the bore. At
G, the field scan~right panel! shows there is a positive field
in the bore. This is also indicated by the abrupt shift fro
blue to white coloring in the bore, seen in the left panel.
90 G, the field in the bore has increased substantially,
revealed in the two bottom panels.

The second weld joint crossing the ring, which is di
metrically opposite the one imaged, has a much higher c
cal current. Complete field penetration into this joint w
only observed at fields above 160 G~compared to;70 G for
the joint in Fig. 5!. This underscores that substantial var
tions occur in the properties of the weld joints. The magn
tization measurements shown in Figs. 1 and 3 always pr
the weakest joint in the ring.

The magneto-optical images show that magnetic flux p
gressively penetrates the weld joint upon increasing app
field in a manner typical for the development of a critic

a-
nd
7-4
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FIG. 5. ~Color! Left panels: magneto-optical images at magnetic fields between 34 and 90 G. Right panels: corresponding fie
along dashed line in upper left panel. The magnetic field increases from top to bottom as marked in the right panels. The arrows on
the outer and inner peripheries of ring. Arrows on left of top panel indicate position of weld joint and line of field scans~see text!. Field scans
are on a logarithmic scale.
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state. ThusJcB is largely determined by the pinning forces
the grain boundary consistent with the above discussion
the temperature dependence ofJcB in terms of vortex creep
Alternatively, it has been argued that for very clean, lo
pinning boundaries such as produced in multiple seed
processes13 the critical current density is determined by th
self-field at the sample edge.17 As soon as the field generate
14450
of

g

by the current flow reaches the penetration field of
boundary vortices will rush all the way to the sample cen
The enhanced pinning in welded boundaries studied her
perhaps not surprising since, for the dual-seeded method
crystallization growth front advances parallel to the gra
boundary so that impurity accumulation at the boundary
minimized whereas in the welding process the growth fr
7-5
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H. CLAUS et al. PHYSICAL REVIEW B 64 144507
moves perpendicular to the boundary. From a practical p
of view, the latter boundary is preferred as long as the b
eficial effects of Josephson vortex pinning outweigh
negative effects of any loss of superconductivity at the
due to accumulated impurities.

In conventional transport measurements of the criti
current employingI -V characteristics, a voltage criterio
must be specified to identify an onset for dissipative beh
ior. With the methods described here, changes in persis
currents are probed, thus a comparable voltage criterio
not explicitly specified. However, a voltage criterion can
estimated from the time rates of decay of the persistent
rent. Considering the ring to be a one-turn solenoid, we
tain an induced voltageV5L(dI/dt) whereL is the induc-
tance of the ring anddI/dt is the time rate of change of th
induced current. The self-inductance of the ring~one-turn
solenoid! is approximatelyL52.531028 H. At temperatures
below the kink temperature~see Fig. 1! we estimate the de
cay of the current from the observed change in magnetiza
to be less than 30mA/s. This corresponds to an induce
electric voltage of about 7.5310213V induced in the ring.
For a~typical! persistent current of 7.5 A, this corresponds
an electrical resistance of about 10213V. If we assume that
all dissipation occurs at the junction the voltage criteri
would be around 10212V across the junction. In reality it is
probably much smaller.

High-field measurements„field cooled…

We now consider critical currents measured in the pr
ence of an external magnetic field. For this purpose the
is cooled in an external field to a predetermined tempera
belowTc . The magnetic field is then incrementally increas
at a rate of 1.5 G/s and the magnetization is recorded. Re
for the ring with the 11° weld joint are shown in Fig. 6~same
ring as used in Figs. 1 and 3!. Displayed are magnetizatio
data vs the field-increaseDH applied after field cooling. The
numbers labeling the curves are the cooling fields. The up
panel displays data taken at 77 K, the lower panel at 50
The zfc curve for 77 K is the same as that shown in Fig
labeled 77 K. Also shown in both figures is the zfc curve
the slit ring. When the field is initially increased, this add
flux is prevented from entering the ring by an induced shie
ing current that flows around the ring. This initial increase
the magnetization for the field-cooled ring is independen
the cooling field and temperature. It is identical to that in F
3. At the kink in M vs DH, the current flowing in the ring
first reaches the critical current across the weld. With furt
increase of the field, additional flux leaks into the bore of
ring. The kinks inM vs DH are fairly well defined especially
for the 50-K measurements.

Figure 7 displays field-cooled data for two more rin
containing weld joints.M vs DH data, at 50 K~upper panel!,
were taken from the same ring~11° grain boundary! which
yielded the magneto-optical images of Fig. 5. For this r
the kinks are extremely well defined. Again, the data sh
that the critical current across the junction~proportional to
DH at the kink! falls dramatically when small magneti
fields are applied. The lower panel of Fig. 7 displays da
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taken at 77 K, for a ring with a 6° grain boundary. Here, t
kinks in M vs DH are not as well defined as in previou
examples. The reason for this may be that the critical curr
across the 6° weld is much higher than for the 11° weld. T
kinks therefore occur at higher fields close to or sligh
aboveHc1 of the bulk. The flux now also penetrates into th
bulk as determined by the bulk critical current density givi
rise to a nonlinearM vs H dependence. Nevertheless, t
kink can be easily located.

For the low angle boundaries, 3° and 5°, no weak li
behavior~i.e., kink in M vs DH! was observed. These low
angle joints have critical current densities comparable toJc
of the bulk. For these rings, as well as the ring with a 0° w
joint, the critical currents were determined from hystere
loop measurements, employing the Bean analysis. Figu
shows the width of the hysteresis loopDM for the ring with
the 3° boundary, from which the critical current can be c
culated~right scale!. To demonstrate that a large shieldin
current flows through the junction, the ring was slit to pr
vent circulating currents. The magnetization dropped
about a factor of 3.7~at 1 T! in good agreement with the
theoretical value for this ratio for a homogeneous ring
(D1d)/(D2d)54.0, whereD5outer, d5 inner diameter
of ring.6

Figures 9 and 10 summarize the dependence of the cri
current density on grain misorientation and magnetic fie
The general features of these results are similar to those

FIG. 6. Field-cooled magnetization for the ring with an 1
boundary.DH is the increase in field above the field-cooled val
~numbers labeling the curves!. Upper panel: at 77 K; lower panel: a
50 K.
7-6
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ported for grain boundaries synthesized with differe
processes.11–18 At small misorientation angles~smaller than
about 5°! the weld joints carry essentially the same critic
current density as the bulk material. The apparent nonmo
tonic variation, with angle, at high magnetic fields for t
ring with a 0° weld joint, and for the 3 and 5° boundari
~Fig. 9!, is attributed to scatter that is usually encountered

FIG. 7. Determination of the field dependence of the criti
current. Upper panel: for the ring used in the magneto-optical
aging~Fig. 5! at 50 K. Lower panel: for a ring with a 6° weld-join
mismatch, at 77 K. For comparison the zero-field-cooled~zfc! runs
are also shown. The numbers labeling the curves are the coo
fields.

FIG. 8. Width of the hysteresis loop for the ring containing a
weld joint. After cutting a slit into the ring theDM decreases by
about a factor of 3.7~nearH51 T!. The right scale gives the criti
cal current densities for the ring.
14450
t

l
o-

n

such results on technically identical samples. At misorien
tion angles larger than 5° the critical current density d
creases rapidly~Figs. 9 and 10!. These high angle boundarie
are also characterized by a strong suppression of the cri
current density in small applied fields. This effect is mo
pronounced for larger misorientation angles. This behavio
indicative of the weak link nature of the boundary and t
transition from Abrikosov vortices, which exist at small mi
orientation angles, to Josephson vortices which develop
the junction at high mismatch angles. Qualitatively simi
results have been reported for thin-film18 as well as for
bulk15 boundaries in YBCO. The high angle boundaries, n
tably the 11° boundary, display a weak peak effect inJcB vs
H, similar to that frequently observed in bulk samples. T
peak effect is observed in both the 50- and 77-K data. L
Jc measurements in bulk melt textured materials, the p
moves to higher fields as the temperature is reduced.30 Re-
cently, it has been shown31,32 that a peak effect in grain
boundary critical current densityJcB(H) can arise due to the
interaction of the grain-boundary vortices with strong
pinned vortices in the neighboring bulk. As the applied fie
is increased vortices will not only penetrate the boundary

l
-

ng

FIG. 9. Critical current densityJc at 77 K for all rings investi-
gated. For the rings with 6, 7, and 11° joints,Jc was determined
from the kink in M vs H plots. For the rings with the low angle
boundaries, 5, 3, and 0° weld joint,Jc was determined from hyster
esis loop measurements employing the Bean model, as in Fig.

FIG. 10. Critical current in zero field as function of grain
boundary angle.
7-7
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also to a small extend the neighboring bulk. In a certain fi
range the repulsive interaction between vortices induces
effective additional pinning potential for the grain-bounda
vortices. In even higher fields the grain-boundary vortic
are very densely packed and this effect is over come by
overall decrease ofJc with field.

CONCLUSIONS

We have introduced a method to determine critical curr
densities of grain boundaries utilizing an extremely lo
voltage criterion. The method consists of monitoring the p
sistent currents in ring samples, which contain a gr
boundary. The critical current is determined from a sh
kink ~an abrupt change in slope! in either the temperature
dependence ofM (T) at constant magnetic field, or the fie
dependence ofM (H) at constant temperature after initial
cooling the ring in zero magnetic field. The method can
extended to determine the critical current as a function of
-
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e

applied field, by field cooling the rings to low temperature
We determined the critical current across a series of@001# tilt
grain boundaries prepared by welding two melt-textur
YBCO pieces at variousab-plane mismatch angles. Consi
tent with prior studies, it is found that grain boundaries, w
up to 5° of misorientation, have essentially the same criti
current density as bulk YBCO. At higher angles,Jc rapidly
declines with increasing mismatch angle. The general beh
ior of JcB as function of temperature, magnetic field, a
misorientation angle is similar to that observed for thin-fi
grain boundaries except that the absolute value of the crit
currents for the melt-textured material is considerably low
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