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Subgrain boundary structure in melt-textured RBa2Cu3O7 „RÄY, Nd…:
Limitation of critical currents versus flux pinning
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The microstructure of subgrain boundaries occurring in single-domainRBa2Cu3O7 ~R5Y and Nd! melt-
textured composites has been studied by transmission electron microscopy. It is found that subgrain boundaries
~SGB’s! have a strong tendency to develop parallel to the~100!, ~010!, and $110% planes, while the form of
dislocation networks is controlled by the properties of constituting dislocations. In YBa2Cu3O7, presenting one
unique glide plane,~001!, boundaries stabilized on$110% planes are accommodated by dislocations with lines
running along thec axis. The occurrence of such an unusual line direction is discussed in terms of the line
energy anisotropy on the~001! plane. On the other hand, in NdBa2Cu3O7, with ~100!, ~010!, and$110% glide
planes in addition to~001!, c-axis oriented dislocations are also found stabilized on~100!/~010!-faced bound-
aries. For arbitrary SGB configurations, the form of dislocation networks can be parametrized using the
generalized Frank’s formula, allowing the calculation of dislocation densities. Besides the underlying disloca-
tion networks, SGB’s may develop mesostructures such as faceting and stepped interfaces accommodating the
deviation from low-index planes. The way these defects may affect the transport critical currents is discussed
on the basis of a simple geometrical model. Since the form of dislocation networks is governed by intrinsic
materials parameters, the present results can be extended to other large-scale materials for which a strong
incidence of low-angle grain boundary microstructure is anticipated.

DOI: 10.1103/PhysRevB.64.184515 PACS number~s!: 74.72.Bk, 74.80.Bj, 61.72.Ff, 61.72.Mm
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I. INTRODUCTION

Low-angle grain boundaries appear to have a strong
pact on the microstructure and superconducting propertie
latest generation large-scale materials, such as melt-text
and coated conductors. In melt-texturedRBa2Cu3O7(R123)
composites a dense network of subgrain boundaries~SGB’s!
prevails even when solidification conditions are optimiz
such as to obtain a single domain, as demonstrated by
observation of a wide misorientation spread,;7°, in direc-
tionally solidified bars characterized by a unique and
growth front.1–3 Analysis of the rocking curve indicated tha
this misorientation spread is not only caused by the occ
rence of a few discrete SGB’s, but contains a strong con
bution of a high density of slightly misoriented subgrain1

SGB’s have misorientations belonging to the very-low-an
regime, mostly in the range;0.2–5°, and build up a narrow
mosaic substructure. Such a mosaic substructure is then
likely associated with dislocation rearrangements occurr
during the cooling process as a result of the plastic ani
ropy of the composite1 and by the interaction of the advan
ing front with peritectic particles4 than associated with
growth instabilities.5 Conversely, low-angle GB’s in coate
conductors appear to be intimately associated with the oc
rence of GB’s in the underlying substrate,6 and their genera-
tion mechanism is therefore largely controlled by the grow
of the layer on a polycrystalline substrate. Despite this d
ference, however, since the characteristics of GB disloca
networks are governed by the intrinsic structural proper
of the material, most of the results presented in this work
0163-1829/2001/64~18!/184515~10!/$20.00 64 1845
-
of
ed

he

t

r-
i-

e

ore
g
t-

r-

h
-
n
s
r

melt-textured material are also relevant to GB’s in coa
conductors.

The mosaic substructure is built by the intersection
SGB’s on different planes and the microcracks lying pref
entially on ~001!. Its contribution to the critical currents ha
not been elucidated yet, but overall it is likely to have
negative effect as suggested by the one order of magni
gap separating the highestJc achieved in thin films7 from the
lower values of maximumJc achieved in single-domain
melt-textured Y123.8 Indeed, electromagnetic studies reve
as a general trend, that the transport critical current densi
zero magnetic field through a GB,Jc

GB, is depressed as th
misorientation angleu between grains forming the bounda
is increased.9–18 The simplest model connecting GB micro
structure with critical current, the dislocation model, mak
the assumption thatJc

GB is determined by the area of supe
conducting channels, or undisturbed material, between di
cation cores.11,12 Accordingly, above a critical angleuc
52 sin21(ubu/4r 0), r 0 being the radius of the dislocatio
cores andubu the length of the Burgers vector, nonsuperco
ducting cores overlap and the GB’s become a continu
insulating or normal Josephson contact. Conversely, for
tations smaller thanuc , i.e., in the low-angle regime, exper
mentally determinedJc

GB(u) curves suggest also the distin
tion between two angular regions, namely a we
dependence up to 3°–7° followed by an exponential dec
}exp(2u/u0) with u054° – 5°.9–18 It appears that the linea
dependenceJc

GB(u)5(12u/uc)Jc predicted by the disloca
tion model is only relevant for the very-low-angle regime.
fact, the observed behavior is consistent with models
©2001 The American Physical Society15-1
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F. SANDIUMENGE, N. VILALTA, J. RABIER, AND X. OBRADORS PHYSICAL REVIEW B64 184515
scribing the GB as an array of parallel point contacts19 that
exhibit weak link behavior when their width~or equivalently,
the dislocation spacing! becomes smaller than the superco
ducting coherence lengthj, that is, for u8.ubu/@j(T)
22r 0#. That is, for a symmetric tilt boundary on the~100! or
~010! planes,r 05ubu53.8 Å andjab;35 Å,20 one obtains
u8;5° in agreement with experiment. A realistic analysis
GB properties needs a definition ofr 0 with allowance for the
precise variation of superconducting properties around
dislocations and therefore should include a detailed pic
of the stress distribution and stress-related phenomena
as localTc and chemical potential changes within the boun
ary. This issue has been tackled in an elegant mode
Gurevich and Pashitski showing that theJc

GB(u) dependence
is mostly determined by the decrease of the current-carry
cross section by insulating GB dislocation cores and by
progressive local suppression of the superconducting o
parameter as the misorientation increases, thus further
phasizing the relevance of the GB dislocation structure
the GB properties.21 Moreover, regular dislocation network
may appear superimposed by heterogeneous mesostruc
typically associated with the development of facets and s
at interfaces. Such mesostructures are typically found
flux-grown22 and thin-film23 bicrystals and appear to hav
relevant implications on the superconducting behavior of
GB’s.24,25 It turns out that any substantial insight into th
behavior of the critical currents of melt-textured single d
main R123, has to connect with a detailed understanding
the defect structure associated with the SGB’s. The pre
study is aimed at contributing to this issue by providing
picture of SGB microstructures on various scale lengt
ranging from the geometry of SGB dislocation networks
mesostructures such as SGB faceting, which introd
sources of heterogeneity on scale lengths ranging from;10
to ;200 nm. A description of the SGB microstructure
terms of dislocation density is proposed in order to estim
its effect on transport critical current.

II. EXPERIMENT AND RESULTS

Both Y123 26 and Nd12327 melt-textured samples wer
prepared by directional solidification in air as reported el
where. Thin foils were cut from the processed bars, mech
cally polished, and ion milled down to electron transparen
in a liquid-nitrogen-refrigerated stage in order to minimi
damage of the samples. Defect structures where imaged
transmission electron microscope~TEM! operating at 200
kV using standard diffraction contrast procedures and hi
resolution electron microscopy~HREM! imaging.28 Diffrac-
tion contrast images were obtained under identical or sim
two-beam conditions in both subgrains forming the SGB
order to get maximum reliability in contrast informatio
from the boundary.29 Since contrast features described in th
paper do not change across the twin boundaries, the n
tions^100& and$100% will be used for@100#, @010# and~100!,
~010!, respectively.

A. Dislocation networks

In the course of the present investigation it has been fo
that although in Y123 dislocations are most stable on
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~001! plane,30 arrays ofc-axis-oriented dislocation lines ma
be stabilized on SGB’s. Figure 1~a! presents ag5(110)
dark-field image showing one set of such an array of dis
cations stabilized on the$110% plane. @The narrow weak
brighter band that crosses the image corresponds to a (11̄0)
twin.# In Fig. 1~b! the dislocation lines are seen nearly en
on, revealing intense white/black strain contrasts on
background associated with their strain fields. It can also
observed that the dislocation array bows out when cross
the twin boundary. Since thê110& Burgers vector, derived
from contrast analysis, does not change across the$110% twin
boundary, the observed bowing of the SGB cannot be
plained by dislocation–twin-boundary interactions and ot
effects such as the occurrence of defects at the twin boun
~e.g., the occurrence of a disordered layer along the t
boundary31! should be considered. A detailed explanation
this effect is beyond the scope of the present investigat
By inspection of the@001# selected-area diffraction patter
taken across the boundary plane, a rotation of;1.5° around
the c axis was measured. This value is in good agreem
with that derived from Frank’s formula for a pure tilt bound
ary using the observed dislocation spacing,u5ubu/D
;1.35° ~D is the dislocation spacing!. On the other hand, a
reported previously,1 SGB’s on $100% planes are typically
built up by arrays ofb5^100& dislocations with line direc-
tions parallel to^010& that can be generated by glide o
~001!.

Figure 2 shows two segments of the same SGB in
Nd123 sample, one aligned with~a! $100% and the other
aligned with ~b! $110%, accommodated byb5^100& and
bi^110& dislocations, respectively. In contrast with the b
havior found in Y123, in this case both types of dislocatio
are aligned with thec axis. Different SGB structures ar
indeed expected owing to the different dislocation behav

FIG. 1. ~a! Dark-field electron micrograph showing a$110% sub-
grain boundary in Y123 built by an array ofb5^110& dislocations
parallel to thec axis. ~b! Same area as in~a! with dislocations seen
nearly end on~electron beam is nearly parallel to@001#!.
5-2
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SUBGRAIN BOUNDARY STRUCTURE IN MELT- . . . PHYSICAL REVIEW B 64 184515
in Nd123 and Y123.32 The misorientation derived from th
dislocation spacing measured in the$100% segment is 0.7°.
Careful inspection of Fig. 2~b! reveals two dislocation spac
ings,D1;15 nm andD2;22 nm. An interpretation of such
bimodal distribution of dislocations considers thatb5^110&
dislocations are dissociated into twob5 1

2 ^110& partial dis-
locations. Note that aR5 1

2 ^110& stacking fault formed be-
tween the two partial dislocations induces a phase shift
the incident beam 2pg•R52p for g5(200) andg5(110)
and therefore it will be invisible in diffraction contrast im
ages taken under these conditions. Hence, according to
dissociation hypothesis, the misorientation should be con
tent with a dislocation spacingD11D2 betweenb5^110&
dislocations. This gives 0.8° in agreement with that deriv
from the dislocation spacing betweenb5^100& dislocations
in the $100% segment. Dissociatedb5^110& dislocations
have been also found in Y123~see below!.

Figure 3 shows diffraction contrast images of a SGB g
erated by the interaction of two sets of dislocations,b1 and
b2 . When theg5(020) reflection is excited, one system
almost parallel lines is observed@Fig. 3~a!#. Each line con-
tains two types of dislocation segments with Burgers vec
@010# and @110#, and slightly different projected directions
With g5(1̄10) @Fig. 3~b!#, two sets of intersecting disloca
tions are clearly observed. At the junctions between the
dislocation sets a short segmentb3 is formed leading to a
hexagonal network, as shown schematically in Fig. 3~b!. The
boundary parameters deduced from different projections
g•b analysis can be summarized as follows: The misorien
tion consists of a rotation of;1.5° around the@001# axis.
The boundary-plane normal unit vector in the region sho
in the micrographs isn5(0.59,0.20,0.78). It is useful to ex
pressn in terms of the anglesa andb depicted in Fig. 4, as
n5(sinb cosa, sinb sina, cosb)[(a,b). In this notationb
gives a measure of the twist component. We findn

FIG. 2. Bright-field electron micrograph of two segments of t
same subgrain boundary in Nd123.~a! Segment built by an array o
b5^100& dislocations parallel to@001# stabilized on the$100%
plane.~b! Segment built by an array ofbi^110& dislocations parallel
to @001# stabilized on the$110% plane.
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[(18.64°,38.74°). The Burgers vectors of the boundary d
locations are b15@100#, b25@010#, and b35b11b2
5@110#. We conclude that dislocationb3 is formed at the
junctions between dislocationsb1 and b2 and that the ob-
served network is a relaxed configuration derived from
interaction of two independent dislocation families, name
b1 andb2 .

In the course of the present work we could not find SGB
parallel to the basal plane in TEM specimens cut clos
parallel to ~001! suitable for diffraction contrast imaging
Instead, Fig. 5 presents a cross-sectional image of a b
plane boundary in Nd123. In Fig. 5~a! the boundary is seen
edge on and the lower crystal is^100& oriented, while the
upper one, appearing brighter in the image, is slightly m
oriented by less than 5°. Note that lattice fringes remain p
allel across the boundary, in agreement with a rotation ab

FIG. 3. Bright-field electron micrograph of an hexagonal dis
cation network formed by the interaction ofb15@100# and b2

5@010# dislocations.~a! One set of parallel lines. Each line is com
posed by two dislocation segments with slightly different proje
tions. ~b! Three sets of dislocations with coplanar Burgers vect
are visible. The network is stabilized in a plane with arbitrary o
entation@n5(0.59,0.20,0.78)# and the rotation axis is@001#.

FIG. 4. Representation of thea andb angles relating the orien
tation of the unit vector perpendicular to the boundary plane,n,
with a reference frame linked to the crystallographic axes.
5-3
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F. SANDIUMENGE, N. VILALTA, J. RABIER, AND X. OBRADORS PHYSICAL REVIEW B64 184515
the c axis. The boundary presents a step ten unit cells
height, across which there is almost prefect continuity
tween both lattices. Looking at Fig. 5~b! it can be observed
that the boundary is associated with a stacking fault cons
ing of the intercalation of a single perovskite layer~thickness
1
3 d001!, as revealed by the occurrence of two consecu
intense bright fringes at the interface. This feature can a
be observed in the line scan performed perpendicularly to
boundary, presented in Fig. 5~c!. The right-hand side of the
scan corresponds to the upper crystal and the minima
located at the bright fringes of the HREM image. The u
cell spacing is indicated by dashed lines, and each unit ce
subdivided into three maxima corresponding to the three
ovskite units. The location of an extra fringe disrupting t
stacking sequence along thec axis across the interface i
clearly identified. Careful inspection of the imaged area
vealed that the interface stacking fault covers the wh
boundary, which accordingly appears to be nonstoichiom

FIG. 5. ~a! Basal-faced boundary in Nd123 viewed along^100&
showing a step;10d001 in height.~b! Magnified view of the region
near the step showing a stacking fault with displacement vectoR
5

1
3 @001# at the interface. The extra perovskite layer is indicated

an arrow on the right-hand side of the image. The stacking f
ends slightly away from the step, in the bulk matrix. The associa
b5

1
3 @001# partial dislocation is indicated by an arrow.~c! Line

scan across the interface. Prominent minima correspond to b
fringes in the image. The unit cell is indicated. An extra fringe c
be observed at the interface.
18451
in
-

t-

e
o
e

re
t
is
r-

-
e
t-

ric, and ends slightly away from the step, within the bu
matrix. The bounding partial dislocation is indicated by
arrow in the image. Fourier-filtered images of the fault
area indicated that the displacement vector has no com
nent normal to@001# in the plane of the image. Therefore
unless a component normal to the image exists, the stac
fault is characterized by displacement vectorR5 1

3 @001#. It
is worth mentioning that similar defects were observ
within the bulk matrix, thus suggesting that this is an sta
defect not necessarily associated with the interface struct
Similar defects have been previously reported by other
thors, suggesting a BaCuO2 composition.33 The HREM im-
age of Fig. 5 was also used to check the occurrence of la
strains associated with the boundary. A careful measurem
of the spacing between maxima and minima in the line s
of Fig. 5~c! did not reveal strain components normal to t
interface, as expected either for a boundary accommod
by a large stacking fault or for au@001#~001! twist boundary
for which anisotropic elasticity calculations indicate that t
normal components of the stress tensors i i are zero~with i
5x,y,z referred to the crystallographic axes34!.

B. Subgrain boundary mesostructures

The present investigation has indicated that besides d
cation networks defining the structure on the microsca
nonperiodic mesostructures such as interface steps
boundary facets, introduce sources of heterogeneity on v
ous scale lengths ranging from;10 to ;200 nm. As an
example of faceting, Figs. 6~a!–6~c! show electron micro-
graphs of the same region of a;0.8° SGB presenting differ-
ent facets. In all facets dislocations present the same
direction, approximately@0.06,20.52, 0.27#. It can be ob-
served that some facet junctions are associated with d
contrasts. An analysis of the nature of these defects is ou
scope of the present work, but their occurrence suggests
facet junctions can be associated with significant strains
Fig. 6~b!, taken withg5(1̄ 1̄ 0) normal to the twins in both
subgrains, it can be observed that two dislocations in fa
labeled A are out of contrast, thus signaling a Burgers vec
parallel to^110&. In Fig. 6~c!, taken withg5(2̄00), the same
two dislocations are visible and split into two partial disl
cations. An enlarged view of the boxed area is shown in
inset, where the two split dislocations are labeledb2 and the
nonsplit dislocation is labeledb1 . The contrast features col
lected from this region of the SGB indicate that in all face
except facet A the misorientation is accommodated by
array of dislocations with Burgers vectorb5^100&, while in
facet A the misorientation is accommodated by two para
arrays of dislocations with Burgers vectorsb15^100& and
b2i^110&. The splitting ofb2 can be attributed to the disso
ciation of the^110& Burgers vector into two partial disloca
tions with Burgers vectors12^110&, as also reported for a flux
grown bicrystal22 and a thin-film GB.35

Deviations from the orientation of low-index plane
$100% and$110%, is frequently found to be accommodated b
interface steps. Figures 7~a! and 7~b! are bright-field electron
micrographs of a stepped;5.5°̂ 100& SGB with ledges par-
allel to $100%. In both images the lower subgrain,g
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5(110), is normal to the twins, while the upper subgrain
under a multibeam condition. Figure 7~b! shows how the size
of the steps varies with the macroscopic orientation of
boundary. The black/white contrast fringes parallel to
boundary plane arise from the superposition of a stron
diffracting subgrain with a weakly diffracting subgrain36 and
are not related to the defect structure. Careful inspection
veals significant strain contrast at the microfacet junctions
also reported for flux-grown bicrystals.22 The presence o
boundary steps otherwise indicates a possible mechanis
SGB migration.

III. DISCUSSION

A. SGB dislocation networks inR123

Our observations indicate that SGB’s formed by one
of dislocations present a strong tendency to develop
planes of the type$100% and $110%. Indeed, anisotropic elas
ticity calculations30 for Y123 show that stable dislocations l
on the~001! plane and present^100& and^110& Burgers vec-
tors. However, dislocations withb5^110& are stable in the
screw orientation.30 As a result of this anisotropic charact
of the dislocations, the mechanism involved in the format
of SGB’s on$100% planes differs from that corresponding

FIG. 6. Bright-field electron micrographs of a faceted subgr

boundary in Y123.~a! g5(500). ~b! g5(1̄ 1̄ 0). ~c! g5(2̄00). The
inset shows a detail of the splitb5

1
2 ^110& dislocations appearing in

facet labeledA.
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$110%-type SGB’s. Indeed, arrays of edge dislocations w
@100# and @010# Burgers vectors can be stabilized on~100!
and ~010! planes by a simple glide operation on~001!, al-
though in general the climb has to occur at sufficiently hi
temperatures in order to achieve a low-energy configurat
The resulting configuration provides a net Burgers vec
normal to the dislocation wall necessary to accommodate
misorientation across the SGB. The situation withb5^110&
dislocations is different because they find an energy m
mum in the screw orientation. Accordingly, a stack ofb
5^110& dislocations on$110% ~with dislocation lines parallel
to b! would not provide a Burgers vector normal to the d
location wall and therefore cannot be stabilized on a S
unless their dislocation lines climb out of the~001! plane.37

Indeed, such dislocations lines, when arranged in SG
have always been found lying parallel to@001# and arranged
on the$110% plane. Note that the generation of such boun
aries involve, together with a climb component, the activ
tion of secondary glide systems like^110&(11̄0). In Nd123,
the occurrence of$100% and$110% glide planes in addition to
~001! suppresses the distinction noted above between
generation mechanisms of SGB’s on$100% and$110% planes.

According to the dislocation model, the relevant para
eter determining the critical current transported across a
is its dislocation density,r51/D ~D is the dislocation spac
ing!, which for a pure symmetrical tilt GB is;u/ubu. For an
arbitrary GB, the general form of Frank’s formula allows th
prediction of the geometry of possible precursor dislocat
arrays. The following relation holds for a gener
boundary:38

d52 sinS u

2D ~p^ r !'u~p^ r !, ~1!

wherep is an arbitrary vector contained in the plane of t
boundary,d is the sum of the Burgers vectors intersected
p, andr is a unit vector along the rotation axis. For two se

n

FIG. 7. Bright-field electron micrographs of a stepped subgr
boundary in Y123. The upper grain is a multibeam condition wh
the lower grain is imaged withg5(110) normal to the twins. Step
are parallel to$100% planes and accommodate the deviation of t
macroscopic orientation of the boundary from the low-index pla
Strain contrast at the step is visible. In~b! it can be clearly observed
that the size of the steps is decreased as the deviation of the
roscopic SGB plane from$100% increases.
5-5
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F. SANDIUMENGE, N. VILALTA, J. RABIER, AND X. OBRADORS PHYSICAL REVIEW B64 184515
of dislocationsd5n1b11n2b2 , where n1 and n2 are the
number of dislocations of each type intersected byp. From
Eq. ~1! it follows that r is perpendicular to the plane define
by b1 andb2 ,38 as is the case of the example shown in F
3. This consideration predicts that inR123, where the mos
stable Burgers vectors lie on the~001! plane, SGB’s gener-
ated by two sets of intersecting dislocations will presen
strong tendency to rotate about@001#, while there is no con-
straint on the boundary plane orientation.

Consider the SGB shown in Fig. 3, built byb15@100#
and b25@010# dislocations, and neglect their interactio
The dislocation line directionsl1 and l2 are given byb23n
andb13n, respectively. In the present case they can be
pressed in terms ofa and b, l15(cosb,0, sinb cosa) and
l25(0,2cosb, sinb sina), i.e., the dislocations form a
square network fora50°,90° and all values ofb, except for
b590° when one of the dislocation sets~that with the Bur-
gers vector contained in the boundary plane! disappears and
the geometry transforms to that of a symmetrical tilt boun
ary. For all other orientations ofn the dislocation array forms
an oblique network as in the present case. Applying the
mulas given in Ref. 38, the orientation-dependent disloca
density,rT(n)5r1(n)1r2(n), can be expressed as

rT~n!5
u

a
~A1B!, ~2!

where for simplicity we take a tetragonal lattice, i.e
a5b. The first factor represents the dislocation dens
of a pure tilt boundary and the second one is a geome
cal factor that takes into account the deviation from the
geometry given by A5A cos2 b1sin2 b cos2 a and B
5A cos2 b1sin2 b sin2 a. This gives rT51.78u/a for the
above example, i.e., the dislocation density is increased
factor'1.8 relative to a SGB having the same rotation an
but a symmetrical tilt geometry. This value is of cour
slightly affected by the interaction leading to segments
dislocation 3. It is interesting to note that if only dislocatio
glide is allowed, two sets of dislocations can only build
arbitrary SGB if there are two active glide planes, as wo
be expected for Nd123.32 A complete arbitrary boundary
~that is, with arbitrary orientation of the rotation axis an
boundary plane normal! can be generated by means of thr
sets of linearly independent Burgers vectors. In Y123 co
pounds, the most stable Burgers vectors lie on the b
plane30 and therefore the formation of complete arbitra
boundaries is not probable. Such a boundary should be
structed on a basis having Burgers vectorsb15a@100#, b2
5b@010#, b35(c/3)@001#, which correspond to the edges
the ~pseudo-! cubic perovskite unit. The (c/3)@001# Burgers
vector in fact results from the dissociation into three coll
ear partials of a perfect dislocation withc@001# Burgers vec-
tor, which owing to the length ofc has a prohibitive strain
energy. To the authors’ knowledge, there is only one exam
of one low-angle GB constituted by a combination of the
Burgers vectors, leading to five sets of dislocations.39

On the ~001! plane, the most likely SGB that can b
formed is a twist boundary consisting of a square grid ob
5^110& screw dislocations, while the formation a tilt boun
18451
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ary would involve the climb dissociation ofb5@001# dislo-
cations into three collinear13 @001# partial dislocations as
observed in polycrystalline samples.40 However, to the au-
thors’ knowledge there are no reports on such disloca
networks stabilized on basal boundaries in melt-textured
terials. This is likely due to the preferential development
microcracks on~001!. On the other hand, the unique bas
boundary found in the course of the present investigat
~Fig. 5!, containing a large stacking fault with displaceme
vector R5 1

3 ^001&, is more likely associated with a growt
defect.

B. Subgrain boundary mesostructures

In the preceding paragraphs we have considered
SGB’s as regular dislocation networks. However, a comp
picture of the SGB microstructure must also include the m
phological features of the SGB, characterized by stepped
terfaces~Fig. 7! and faceting~Fig. 6!, that constitute source
of microstructural heterogeneity in various length scal
Similar sources of microstructural heterogeneity have b
reported for flux-grown22 and thin-film23 low-angle Y123 bi-
crystals.

Stepped interfaces also occur in melt-textured material
order to accommodate deviations of the macroscopic pl
from the low-index orientation~Fig. 7!. Steps and ledges ar
comprised of flat low-index facets with lengths in the ran
10–150 nm, depending on the local orientation of the m
roscopic plane, as clearly shown in Fig. 7~b!. The occurrence
of steps may be an indication of the migration of the SGB
high temperatures under the action of thermal and/or st
gradients, most likely during the initial cooling stages fro
the solidification temperature, and are therefore likely to r
resent kinetically frozen-in configurations. In this sen
some aspects of their microstructure resemble those repo
for flux-grown bicrystal boundaries exhibiting sawtoo
structures22 or even those commonly observed thin-film bi
rystal boundaries, which are typically found to meand
along the path of the underlying straight substra
boundary,33 each meander being comprised by similar fac
as well. Nevertheless, stepped interfaces in melt-textu
R123 are, in general, more regular than thin-film meander
boundaries as otherwise expected owing to the fact that t
film GB’s form under growth conditions far from equilib
rium.

Since the orientation of the plane of a SGB determines
nature of dislocations stabilized on it, different facets in
faceted SGB may contain different types of dislocatio
Facets may arise from the local incorporation of another t
of dislocation into the SGB. These parts of SGB’s rotate
order to minimize the dislocation energies. As an examp
Fig. 6 shows that facet A includesb5^110& dislocations, in
addition tob5^100& ones, that appear split into12^110& par-
tial dislocations. Notably, we have found that not all the o
servedb5^110& SGB dislocations are split~e.g., Fig. 1!.
This distinctive behavior is likely to be related to the fact th
the splitting of b5^110& SGB dislocations results from
climb dissociation requiring high temperatures and theref
depends on the temperature of formation of the boundary.
5-6
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the other hand, the width of the stacking-fault ribbon is d
termined by a balance between the repulsive force betw
the partial dislocations and the stacking-fault energy depe
ing on the particular facet where the dissociation takes pla
Looking at the crystal structure of Y123 one finds that a s
of thickness1

2 d110 is composed by a stack of planes of t
typeA-B-A-B, whereA has a composition YBa2Cu3O2 andB
is O5. Therefore, aR5 1

2 ^110& stacking fault has a stoichio
metric composition on the~110! plane. However, the sameR
results in a violation of the Cu-Ba first-neighbor order and
high stacking-fault energy is expected. On the other hand
dissociation planes other than$110%, deviations from stoichi-
ometry are likely to be associated with an increase of
stacking-fault energy in agreement with the narrow splitt
width observed in Fig. 6~c!. In a GB, the splitting width may
also vary with position in a particular facet due to an inh
mogeneous stress distribution within facets of sm
dimensions22 and withu.41

C. Implication of observed SGB dislocation networks
on critical currents

According to our observations, a three-dimensional p
ture of the mosaic structure may be drawn as defined by
intersection of dislocation walls, displaying a tendency
align with $100% and $110% planes, with microcracks lying
parallel to ~001! ~Fig. 8!. Polarized light observations42,43

indicate that the size of the subgrains is tuned by the size
concentration of peritectic particles.44 TEM images indicate
that in sample regions having a high density of particl
subgrains can be as small as a few micrometers.1 Thus the
current flowing on the~001! plane must always cross SGB’
while the current flowing parallel to thec axis will be mainly
limited by microcracks. In Nd123, however,$100% and$110%
microcracks also develop, though to a lesser extent t
~001! microcracks.45 The effect of the SGB’s on the critica
current is controlled by their microstructure, which typica
consists of more or less heterogeneous mesostructures s
posed on an ideally regular dislocation network.

For symmetrical tilt GB’s, the dislocation model stat
that in the low-angle regime (u,uc) the transport curren
across the GB is proportional to the area of superconduc
undisturbed material between dislocations. Taking into
count the elastic strain fields, an effective radius of the n
superconducting core of the GB dislocations,r eff , can be

FIG. 8. Idealized drawing of the mosaic substructure of m
textured R123 materials, defined by the intersection of SGB
~shadowed! and microcracks. Black particles are peritec
inclusions.
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defined such that the observed behavior can be appr
mately described byj c(u)5122r effu/ubu,12 where j c is the
ratio of the grain boundary to intragrain critical current. T
best fit with experimental data is obtained forr eff52.9ubu.12

In order to extend the model to GB’s with arbitrary geome
it is interesting to note that the factoru/ubu in fact describes
the dislocation densityr ~or inverse of the dislocation spac
ing! in the GB. Thus, we can writej c(r)5122r effrT . From
this relation it can be expected that two boundaries hav
the same rotation but different dislocation densities~i.e., a
different geometrical relationship between the rotation a
and the boundary plane normal! will present different values
of their critical current. Taking, for instance, a boundary w
rotation axis@001# composed of two sets of dislocations wi
Burgers vectorsa@100# anda@010# (a;b) and the boundary
plane normal given byn5(a,b) as in the example consid
ered above, using Eq.~2! we find

j c~n!5122r eff

u

a
~A1B!, ~3!

whereA andB are geometrical factors that take into accou
the orientation of the boundary plane normal, as defined
the preceding section. Forb590° anda50°, 90° the arbi-
trary boundary transforms to a symmetric tilt boundary. A
cording to Eq.~2!, the introduction of a twist componen
i.e., for b,90°, has a strong effect on the width of supe
conducting undisturbed channels between dislocations. T
is shown in Fig. 9 wherej c @Eq. ~3!# is plotted for the pure
tilt configuration on~100!, the SGB plane determined for th
example shown in Fig. 3~indicated byb!, and the twist con-
figuration on~001!. Note that the misorientation needed
achieve a givenj c ratio is nearly halved for the twist or th

-

FIG. 9. Plot of Eq.~2! for different boundary plane orientations
Curve b refers ton5(0.59,0.20,0.78) as determined for the su
grain boundary shown in Fig. 3. The inset shows the effect of a
ing a twist component to an initial tilt configuration on the~100!
plane with misorientations of 1.5°~curvea! and 3°~curvec!. Curve
b is computed fora518.64° ~see text!.
5-7
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present example~Fig. 3! configurations. The effect of the
twist component is enhanced by the magnitude of the m
orientation. The inset clearly shows this feature foru51.5°
andu53°, as well as the fact that the decay inj c is stronger
for b.45° and is smoothed out as the boundary approac
the twist configuration. Accordingly, the suppression of s
perconducting cross-sectional area for a boundary ha
;57% twist character~curveb! is similar to that expected fo
the pure twist configuration. In the inseta andc refer to an
initially pure tilt on the~100! plane rotated about@100# by b
up to the twist configuration, and curveb is computed for
a518.64° as for the example presented in Fig. 3. Thus,
u53° boundary with 50% twist character (b545°) approxi-
mately 50% of its cross-sectional area is disturbed by bou
ary dislocations, while in a tilt SGB the same rotation im
plies only a 30% reduction of superconducting cro
sectional area and therefore inj c . As the boundary plane
approaches~001!, however, the situation is complicated b
the elastic anisotropy46 of Y123 and the layered structure o
the compound, which together may favor the localization
the mismatch strain on a length scale similar to the thickn
of the insulating slab of the unit cell. An extreme case of t
situation is found in the highly anisotropic compound B
2212, where this effect has been proposed to explain
observed misorientation-independent superconducting
havior of ~001! twist boundaries.34 Following similar argu-
ments, the effect of nonstoichiometry in a basal plane S
~Fig. 5! on Jc

GB is expected to be weak because the thickn
of the inserted layer,R5 1

3 (001), ;0.39 nm, is similar to the
superconducting coherence length along thec axis, jc
50.3 nm,20 and because its effect is also likely to be mask
by the intrinsic anisotropy. On the other hand,~001!-faced
boundaries occurring in melt-texturedR123 are likely to
have only a weak incidence on the bulk superconduc
behavior because their effect is masked by the exten
~001! microcracking.

In the discussion of the preceding paragraph, it has b
assumed that the dislocation model is valid through
whole low-angle regime. However, experimentally det
mined Jc

GB(u) curves for tilt GB’s suggest an exponenti
decay for misorientations greater thanu853° – 7°,9–17

which has been modeled by describing the boundary a
array of point contacts exhibiting weak link behavior wh
their width becomes smaller thanj.19 Translating this mode
to an array of straight parallel dislocations one obtainsu8
5ubu/@j(T)22r 0#;5° in agreement with experiment. Sinc
the misorientations found in SGB’s typically fall belowu8,
those SGB’s displaying a symmetrical tilt configuration a
likely to induce only a weak depression of the transport cr
cal current across the SGB. Conversely, deviations from
symmetrical tilt geometry are likely to shift theu8 value to
lower misorientations, towards the angular range wher
more significant contribution from SGB dislocation networ
is expected. Unfortunately, a redefinition ofu8 for arbitrary
SGB configurations is not straightforward. A tentative es
mation is, however, easy to perform in terms of dislocat
densities. Consider again the SGB plane normal derived
the SGB shown in Fig. 3. In this case one finds thatu8 is
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shifted down to;2.8°, i.e., closer to typical SGB misorien
tations. Obviously this simple geometrical approach does
take into account the dislocation interactions as those
served in Fig. 3 or the stress distribution within the SG
plane generated by two sets of intersecting dislocatio
which otherwise would tend to further reduce the curre
carrying cross-sectional area of the SGB. This appro
therefore predicts that some SGB’s may cause an expone
decay of transport critical current even in the very-low-an
regime and hence have a stronger influence on the cri
current than that expected for the linear regime represe
in Fig. 9.

As found in the present study, SGB dislocations may
dissociated@Figs. 2~b! and 6#. As far as the superconductin
properties of the SGB’s are concerned, dislocation splitt
has two remarkable effects, namely the dislocation densit
increased and a stacking-fault ribbon is created between
two partial dislocations. As argued by Tsu, Babcock, a
Kaiser,22 one can assume that the stacking-fault ribbons
not affect the superconducting coupling across the bound
due to their localization in the direction of the current. O
the other hand, takingr 05ubu and noting thatubu is halved
upon dissociation, it is found that the superconducting cro
sectional area of the boundary is not changed. Then, the
effect of dislocation splitting on the superconducting prop
ties of the SGB is associated with the decrease of the di
cation spacing, which for a given SGB plane orientation a
misorientation, may cause a downward shift ofu8 in a way
similar to that discussed above in connection with variatio
of n at constant misorientation.

The contribution of SGB dislocation networks to the fie
dependence of the critical currents in melt-textured mater
is complex to analyze and it should be discussed in conn
tion with the geometry and the physical characteristics of
measurement technique. For instance, defects such as
shown in Figs. 1 and 2 provide evenly spaced arrays of
locations parallel to thec axis that are likely to act as stron
pinning centers for flux lines oriented parallel or perpendic
lar to them if the Lorentz force has a component perpend
lar to the SGB plane. Note that in Y123, where the dislo
tion glide is confined onto a unique glide plane, name
~001!, $110% SGB’s ~Fig. 1! are the unique natural structure
that could providec-axis correlated disorder pinning.47 The
situation is different in Nd123 where the occurrence of$100%
and $110% additional glide planes favors the stabilization
c-axis dislocations in SGB’s parallel to those planes~e.g.,
Fig. 2! that are expected to enhance the pinning stren
when the magnetic field is parallel to thec axis. The pinning
efficiency of similar configurations has been assessed usi
symmetrical tilt 4° bicrystal Y123 film.48 On the other hand,
the same dislocation array can be considered as a limi
mechanism for transportJc flowing on the~001! plane or for
the low-field inductive critical currentJc

ab(0,T), as discussed
above.

Besides regular dislocation networks, mesoscale st
tures such as faceting or stepped interfaces associated
curved interfaces may have important implications on
superconducting properties of the boundary. The effect
such mesostructures onJc

GB is independent of, but may b
5-8



e
ls
r
3

o

o
is
ai
i

in
c
a

ha
w

B’
a

th
s

m
io
w
ri
e
t
b

lt-
c

n

be
re
nes
tors
e

to
ys-

rgy

y
gu-
me-
riod-
m

ts
rank
n
r
nt
the
sely,
uc-
s.

ob-
net-
e

ri-
n-

SUBGRAIN BOUNDARY STRUCTURE IN MELT- . . . PHYSICAL REVIEW B 64 184515
superimposed on, the contribution of SGB dislocation n
works. An extreme situation is found in thin-film bicrysta
characterized by meandering interfaces. Such bounda
present a GB critical current enhancement by a factor of
relative to flat bulk biseeded GB’s foru values up to 30°,24

which has been attributed to the differences of the pinning
Josephson vortices in meandering and flat GB’s.24 A further
interesting phenomenon associated with interfacial mes
tructures was reported for a flux-grown Y123 bicrystal d
playing a sawtoothed faceted structure. Long-range str
originating at facet junctions, similar to those observed
Fig. 7, may cause a modulation ofTc(r ) along the path of the
boundary. In this way, faceting can modulate the coupl
strength of GB’s and the strains concentrated around fa
junctions can substantially increase the critical current
high fields by a field-induced pinning mechanism.25 On the
other hand,d-wave symmetry effects49 of the order param-
eter that contribute to depressJc

GB induce only a weak mis-
orientation dependence}cos2 2u of the critical current and
are therefore likely to induce a minor effect compared to t
associated with the SGB dislocation networks in the lo
angle regime.

Our microstructural observations clearly show that SG
within single melt-textured domains are not necessarily
flat as those obtained by a biseeding technique,50 but present
mesostructures that according to detailed GB studies in o
materials may lead to substantial enhancements of their
perconducting behavior compared to those expected fro
description in terms of dislocation content and misorientat
only as that given in the preceding section. Unfortunately,
cannot provide in this work a statistical picture of the dist
bution of the different types of SGB microstructures and m
sostructures, but the present results strongly suggest tha
field dependence of the SGB critical current is governed
the competition of the different types of defects.

IV. CONCLUSIONS

TEM observations of the microstructure of SGB’s in me
textured Y123 and Nd123 materials reveal that SGB dislo
tion arrays are restricted to a few configurations on the$100%
and $110% planes. Therefore, critical currents flowing o
es

i.
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a
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~001! must always cross SGB’s. Such configurations can
directly inferred from the highly anisotropic crystal structu
of 1-2-3-like superconductors, namely, preferred SGB pla
are those perpendicular to the most stable Burgers vec
b5^100& andb5^110& and therefore to the prominent glid
plane,~001!. In Y123, with ~001! as unique prominent glide
plane, SGB’s on$110% are built by c-axis oriented b
5^110& dislocations. The formation of$110% SGB’s is there-
fore likely to be more restrictive as it involves, in addition
a climb component, the activation of a secondary glide s
tem, ^110& $110%. The occurrence of the unusualc-axis ori-
entation can be explained taking into account the line ene
anisotropy ofb5^110& dislocations on the~001! plane. In
Nd123, with $100% and $110% glide planes in addition to
~001!, c-axis oriented dislocations are found either on$100%
or $110% SGB’s. Incorporation of additional dislocations ma
stabilize the SGB on planes with arbitrary orientation. Re
lar dislocation arrays are frequently superposed by SGB
sostructures, typically facets and steps, that break the pe
icity of the dislocation array on length scales ranging fro
;10 to ;200 nm.

Dislocation contents in arbitrary SGB’s built by two se
of dislocations can be estimated using the generalized F
formula. Extrapolation of thej c dependence on dislocatio
density ~or misorientation! experimentally determined fo
symmetric tilt GB’s to arbitrary SGB’s, predicts a significa
depression of critical current as the twist component of
boundary is increased at constant misorientation. Conver
in light of experimental studies, the occurrence of mesostr
tures is likely to enhance the critical current in high field
The topology of the mosaic substructure along with the
served SGB microstructure strongly suggests that SGB
works in melt-textured materials may limit significantly th
critical current at zero field, while at higher fields its cont
bution is likely to result from the interplay between the u
derlying dislocation array and mesostructures.
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