PHYSICAL REVIEW B, VOLUME 64, 184515

Subgrain boundary structure in melt-textured RBa,Cuz0,; (R=Y,Nd):
Limitation of critical currents versus flux pinning
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The microstructure of subgrain boundaries occurring in single-doiRB&aCu;0; (R=Y 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 (h@0), (010, and{110 planes, while the form of
dislocation networks is controlled by the properties of constituting dislocations. Int{B@,, presenting one
unique glide plane(001), boundaries stabilized of110; 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 th@01) plane. On the other hand, in Ndga,0,, with (100), (010, and{110} glide
planes in addition t¢001), c-axis oriented dislocations are also found stabilized 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.
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I. INTRODUCTION melt-textured material are also relevant to GB’s in coated
conductors.

Low-angle grain boundaries appear to have a strong im- The mosaic substructure is built by the intersection of
pact on the microstructure and superconducting properties @GB'’s on different planes and the microcracks lying prefer-
latest generation large-scale materials, such as melt-textureshtially on(001). Its contribution to the critical currents has
and coated conductors. In melt-texture8a,Cu;0,(R123)  not been elucidated yet, but overall it is likely to have a
composites a dense network of subgrain boundd8&8B'’s) negative effect as suggested by the one order of magnitude
prevails even when solidification conditions are optimizedgap separating the highekt achieved in thin film&from the
such as to obtain a single domain, as demonstrated by tHewer values of maximuml, achieved in single-domain
observation of a wide misorientation spread?®, in direc- melt-textured Y123.Indeed, electromagnetic studies reveal,
tionally solidified bars characterized by a unique and flatas a general trend, that the transport critical current density at
growth front'~3 Analysis of the rocking curve indicated that zero magnetic field through a GBC®, is depressed as the
this misorientation spread is not only caused by the occurmisorientation angle between grains forming the boundary
rence of a few discrete SGB’s, but contains a strong contriis increased-* The simplest model connecting GB micro-
bution of a high density of slightly misoriented subgrains. structure with critical current, the dislocation model, makes
SGB's have misorientations belonging to the very-low-anglehe assumption thalé3B is determined by the area of super-
regime, mostly in the range0.2-5°, and build up a narrow conducting channels, or undisturbed material, between dislo-
mosaic substructure. Such a mosaic substructure is then mozation cores!*? Accordingly, above a critical angle,
likely associated with dislocation rearrangements occurring=2 sin (|b|/4r), ro being the radius of the dislocation
during the cooling process as a result of the plastic anisotsores andb| the length of the Burgers vector, nonsupercon-
ropy of the compositeand by the interaction of the advanc- ducting cores overlap and the GB's become a continuous
ing front with peritectic particlés than associated with insulating or normal Josephson contact. Conversely, for ro-
growth instabilities. Conversely, low-angle GB's in coated tations smaller thad,, i.e., in the low-angle regime, experi-
conductors appear to be intimately associated with the occumentally determined¢®(¢) curves suggest also the distinc-
rence of GB's in the underlying substr&tand their genera- tion between two angular regions, namely a weak
tion mechanism is therefore largely controlled by the growthdependence up to 3°-7° followed by an exponential decline
of the layer on a polycrystalline substrate. Despite this dif-><exp(— 6/6o) with 6,=4°-5° '8t appears that the linear
ference, however, since the characteristics of GB disIocatiodependencéfB( 0)=(1-6/6.)J. predicted by the disloca-
networks are governed by the intrinsic structural propertiesion model is only relevant for the very-low-angle regime. In
of the material, most of the results presented in this work foffact, the observed behavior is consistent with models de-
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scribing the GB as an array of parallel point contétthat
exhibit weak link behavior when their widtlor equivalently,
the dislocation spacingecomes smaller than the supercon-
ducting coherence lengtl¥, that is, for 6'>|b|/[&(T)
—2rg]. That is, for a symmetric tilt boundary on tk&00) or
(010 planes,ro=|b|=3.8A andé,,~35A,° one obtains
0’ ~5° in agreement with experiment. A realistic analysis of
GB properties needs a definition igf with allowance for the
precise variation of superconducting properties around the
dislocations and therefore should include a detailed picture
of the stress distribution and stress-related phenomena such
as localT. and chemical potential changes within the bound-
ary. This issue has been tackled in an elegant model by
Gurevich and Pashitski showing that tﬂ@e( 0) dependence _
is mostly determined by the decrease of the current-carrying |
cross section by insulating GB dislocation cores and by the
progressive local suppression of the superconducting order
parameter as the misorientation increases, thus further em-
phasizing the relevance of the GB dislocation structure on
the GB propertieé! Moreover, regular dislocation networks
may appear superimposed by heterogeneous mesostructures _ : .
typically associated with the development of facets and steps FIG. 1. @ D?”"f'e'd ele.Ctron micrograph showmg{hl(} S‘.Ub'

- . - grain boundary in Y123 built by an array bf=(110 dislocations
at interfaces. Such mesostructures are typically found i . . L .
flux-grow 72 and thin-filn?3 bicrystals and appear to have parallel to thec axis. (b) Same_area as ifa) with dislocations seen

. o . . nearly end onelectron beam is nearly parallel {601]).

relevant implications on the superconducting behavior of the

e 24,25 Y .
GB's. It turns out that any substantial insight into the (001 plane® arrays ofc-axis-oriented dislocation lines may

behavior of the critical currents of melt-textured single do- e , ; _
. . ) - e stabilized on SGB'’s. Figure(d presents ag=(110)
main R123, has to connect with a detailed understanding Ogark-field image showing one set of such an array of dislo-

the defect structure associated with the SGB’s. The preseltiions stabilized on thé110 plane. [The narrow weak
study is aimed at contributing to this issue by providing a '

picture of SGB microstructures on various scale Iengthsbrlghter band that crosses the image corresponds td.@)(1

ranging from the geometry of SGB dislocation networks totW'n':I In F'.g' 1(.b) the dlsloqatlon lines are seen nearly ends
mesostructures such as SGB faceting, which introduc n, revealing intense white/black strain contrasts on the

sources of heterogeneity on scale lengths ranging fratf ackground associated with their strain fields. It can also be
to ~200 nm. A description of the SGB microstructure in observed that the dislocation array bows out when crossing

terms of dislocation density is proposed in order to estimat he twin boundary. Slnce theL10 Burgers vector, derlyed
its effect on transport critical current rom contrast analysis, does not change acros$lth@ twin
' boundary, the observed bowing of the SGB cannot be ex-

Il. EXPERIMENT AND RESULTS plained by dislocation—twin-boundary interactions and other
effects such as the occurrence of defects at the twin boundary
Both Y1232 and Nd123*" melt-textured samples were (e.g., the occurrence of a disordered layer along the twin
prepared by directional solidification in air as reported elsehoundary?) should be considered. A detailed explanation of
where. Thin foils were cut from the processed bars, mechanthis effect is beyond the scope of the present investigation.
cally polished, and ion milled down to electron transparencyBy inspection of thg001] selected-area diffraction pattern
in a liquid-nitrogen-refrigerated stage in order to minimizetaken across the boundary plane, a rotation-af5° around
damage of the samples. Defect structures where imaged intge ¢ axis was measured. This value is in good agreement
transmission electron microscog&EM) operating at 200 with that derived from Frank’s formula for a pure tilt bound-
kV using standard diffraction contrast procedures and highary using the observed dislocation spacing=|b|/D
resolution electron microscofyiREM) imaging?® Diffrac-  ~1.35° (D is the dislocation spacingOn the other hand, as
tion contrast images were obtained under identical or similafeported previously, SGB's on {100 planes are typically
two-beam conditions in both subgrains forming the SGB inpyilt up by arrays ofb=(100 dislocations with line direc-
order to get maximum rellablllty in contrast information tions para||e| to<010> that can be generated by g||de on
from the boundarﬁ9 Since contrast features described in thiS(OO:D.
paper do not change across the twin boundaries, the nota- Figure 2 shows two segments of the same SGB in a
tions (100 and{10Q will be used for{100], [010] and(100,  Nd123 sample, one aligned witfa) {100 and the other
(010, respectively. aligned with (b) {110, accommodated by=(100 and
bll(110) dislocations, respectively. In contrast with the be-
havior found in Y123, in this case both types of dislocations
In the course of the present investigation it has been foundre aligned with thec axis. Different SGB structures are
that although in Y123 dislocations are most stable on théndeed expected owing to the different dislocation behavior

A. Dislocation networks
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g=110
FIG. 2. Bright-field electron micrograph of two segments of the \ /
same subgrain boundary in Nd128) Segment built by an array of ]
b=(100 dislocations parallel td001] stabilized on the{100 FIG. 3. Bright-field electron micrograph of an hexagonal dislo-
plane.(b) Segment built by an array @fl(110 dislocations parallel  cation network formed by the interaction &f=[100] and b,
to [001] stabilized on thg110; plane. =[010] dislocations(a) One set of parallel lines. Each line is com-

posed by two dislocation segments with slightly different projec-
tions. (b) Three sets of dislocations with coplanar Burgers vectors
are visible. The network is stabilized in a plane with arbitrary ori-
entation[ n=(0.59,0.20,0.78) and the rotation axis ig001].

in Nd123 and Y123? The misorientation derived from the
dislocation spacing measured in tflE00} segment is 0.7°.
Careful inspection of Fig. (®) reveals two dislocation spac-
ings,D1~15nm andD,~22 nm. An interpretation of such a )
bimodal distribution of dislocations considers that(110) ~ =(18.64°,38.74%). The Burgers vectors of the boundary dis-
dislocations are dissociated into twe= (110 partial dis- ~ocations are b;=[100], b,=[010], and bs=Db;+Db,
locations. Note that &= %(110) stacking fault formed be- _=[11_O]. We conclud_e that_dlslocatloh3 is formed at the
tween the two partial dislocations induces a phase shift oftinctions between dislocatiorts, and b, and that the ob-
the incident beam 2g- R=2 for g=(200) andg=(110) served network is a relaxed configuration derived from the
and therefore it will be invisible in diffraction contrast im- interaction of two independent dislocation families, namely,
ages taken under these conditions. Hence, according to tikg andby. )
dissociation hypothesis, the misorientation should be consis- In the course of the present work we could not find SGB'’s
tent with a dislocation spacin®;+D, betweenb=(110) parallel to the basgl plane in TEM specimens cut c!osely
dislocations. This gives 0.8° in agreement with that derived?@rallel to (001) suitable for diffraction contrast imaging.
from the dislocation spacing betweér-(100 dislocations Instead, Fig. 5 presents a cro_ss-sectlonal |mage_of a basal
in the {1000 segment. Dissociateth=(110) dislocations plane boundary in Nd123. In Fig(& the boundary is seen
have been also found in Y123ee below edge on and the Ipwer f:rystal_{sOO) _orlenteq, whlle the .
Figure 3 shows diffraction contrast images of a SGB gen!PPer one, appearing brighter in the image, is slightly mis-
erated by the interaction of two sets of dislocatidngand oriented by less than 5°. N_ote that lattice f_rmges remain par-
b,. When theg=(020) reflection is excited, one system of allel across the boundary, in agreement with a rotation about
almost parallel lines is observé#ig. 3a)]. Each line con-
tains two types of dislocation segments with Burgers vectors Cc#
[010] and[110], and slightly different projected directions.

With g=(110) [Fig. 3(b)], two sets of intersecting disloca-
tions are clearly observed. At the junctions between the two ,B
dislocation sets a short segmémy is formed leading to a
hexagonal network, as shown schematically in Fip).3The
boundary parameters deduced from different projections and
g- b analysis can be summarized as follows: The misorienta-
tion consists of a rotation of~1.5° around thg001] axis. a
The boundary-plane normal unit vector in the region shown a
in the micrographs i&=(0.59,0.20,0.78). It is useful to ex-

pressn in terms of the angles and 8 depicted in Fig. 4, as FIG. 4. Representation of theand 8 angles relating the orien-
n=(sinBcosa, singsin a, cosB)=(«,B). In this notation3 tation of the unit vector perpendicular to the boundary plame,
gives a measure of the twist component. We find with a reference frame linked to the crystallographic axes.

n

vo
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ric, and ends slightly away from the step, within the bulk
matrix. The bounding partial dislocation is indicated by an
arrow in the image. Fourier-filtered images of the faulted
area indicated that the displacement vector has no compo-
nent normal tg001] in the plane of the image. Therefore,
unless a component normal to the image exists, the stacking
fault is characterized by displacement ved®« 3[001]. It

is worth mentioning that similar defects were observed
within the bulk matrix, thus suggesting that this is an stable
defect not necessarily associated with the interface structure.
Similar defects have been previously reported by other au-
thors, suggesting a BaCy@omposition*> The HREM im-

age of Fig. 5 was also used to check the occurrence of lattice
strains associated with the boundary. A careful measurement
of the spacing between maxima and minima in the line scan
of Fig. 5(c) did not reveal strain components normal to the
interface, as expected either for a boundary accommodated
by a large stacking fault or for §001](001) twist boundary

for which anisotropic elasticity calculations indicate that the
normal components of the stress tensgrare zero(with i
=x,y,z referred to the crystallographic ax8s

12 nm

doo1=1.175 nm
o |

B. Subgrain boundary mesostructures

The present investigation has indicated that besides dislo-
cation networks defining the structure on the microscale,
nonperiodic mesostructures such as interface steps and
boundary facets, introduce sources of heterogeneity on vari-
ous scale lengths ranging from10 to ~200 nm. As an
example of faceting, Figs.(8—-6(c) show electron micro-
graphs of the same region of-a0.8° SGB presenting differ-

FIG. 5. (a) Basal-faced boundary in Nd123 viewed aloi§0  ent facets. In all facets dislocations present the same line
showing a step 10dg; in height.(b) Magnified view of the region  direction, approximatelyf0.06,—0.52,0.27. It can be ob-
near the step showing a stacking fault with displacement vé®tor served that some facet junctions are associated with dark

=3[001] at the interface. The extra perovskite layer is indicated bycontrasts. An analysis of the nature of these defects is out the
an arrow on the right-hand side of the image. The stacking faU'%cope of the present work, but their occurrence suggests that
ends slightly away from the step, in the bulk matrix. The associateqacet junctions can be associated with significant strains. In

b—3[001] partial dislocation is indicated by an arro¥c) Line

scan across the interface. Prominent minima correspond to brlghtlgb &b), talf{en W'th él 1 O)dn:;]rn:atll to (tjhel tW",:S in bOtfh t

fringes in the image. The unit cell is indicated. An extra fringe can subgrains, it can be observe at two disjocations in face
labeled A are out of contrast, thus signaling a Burgers vector

be observed at the interface. =~

parallel to(110. In Fig. 6(c), taken withg=(200), the same
the ¢ axis. The boundary presents a step ten unit cells inwo dislocations are visible and split into two partial dislo-
height, across which there is almost prefect continuity be<cations. An enlarged view of the boxed area is shown in the
tween both lattices. Looking at Fig(l§ it can be observed inset, where the two split dislocations are labdbgdand the
that the boundary is associated with a stacking fault consistionsplit dislocation is labeled;. The contrast features col-
ing of the intercalation of a single perovskite laythickness lected from this region of the SGB indicate that in all facets
1dgoy), as revealed by the occurrence of two consecutiveexcept facet A the misorientation is accommodated by one
intense bright fringes at the interface. This feature can alsarray of dislocations with Burgers vectbr=(100), while in
be observed in the line scan performed perpendicularly to théacet A the misorientation is accommodated by two parallel
boundary, presented in Fig(d. The right-hand side of the arrays of dislocations with Burgers vectdos=(100» and
scan corresponds to the upper crystal and the minima ata,ll{110). The splitting ofb, can be attributed to the disso-
located at the bright fringes of the HREM image. The unitciation of the(110) Burgers vector into two partial disloca-
cell spacing is indicated by dashed lines, and each unit cell isons with Burgers vectorg(110), as also reported for a flux
subdivided into three maxima corresponding to the three pemgrown bicrystad? and a thin-film GB®
ovskite units. The location of an extra fringe disrupting the Deviations from the orientation of low-index planes,
stacking sequence along tleeaxis across the interface is {100} and{110, is frequently found to be accommodated by
clearly identified. Careful inspection of the imaged area reinterface steps. Figuresaf and 1b) are bright-field electron
vealed that the interface stacking fault covers the wholemicrographs of a stepped5.5¥1000 SGB with ledges par-
boundary, which accordingly appears to be nonstoichiometallel to {100;. In both images the lower subgrairg

§

interface
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(b)

200 nm

FIG. 7. Bright-field electron micrographs of a stepped subgrain
boundary in Y123. The upper grain is a multibeam condition while
the lower grain is imaged witg=(110) normal to the twins. Steps
are parallel to{100 planes and accommodate the deviation of the
macroscopic orientation of the boundary from the low-index plane.
Strain contrast at the step is visible.(ly) it can be clearly observed
that the size of the steps is decreased as the deviation of the mac-
roscopic SGB plane frofiLl00} increases.

{110-type SGB's. Indeed, arrays of edge dislocations with
[100] and[010Q] Burgers vectors can be stabilized (00

and (010 planes by a simple glide operation ¢0@01), al-
though in general the climb has to occur at sufficiently high
temperatures in order to achieve a low-energy configuration.
The resulting configuration provides a net Burgers vector
normal to the dislocation wall necessary to accommodate the
misorientation across the SGB. The situation viath (110
dislocations is different because they find an energy mini-
mum in the screw orientation. Accordingly, a stack lof
=(110 dislocations or{110 (with dislocation lines parallel

to b) would not provide a Burgers vector normal to the dis-
location wall and therefore cannot be stabilized on a SGB
unless their dislocation lines climb out of t@01) plane®’

FIG. 6. Bright-field electron micrographs of a faceted subgrain
boundary in Y123(a) g=(500). (b) g=(1 1 0). (c) g=(200). The
inset shows a detail of the spht= %(11@ dislocations appearing in
facet labeledA.

=(110), is normal to the twins, while the upper subgrain is
under a multibeam condition. Figurébj shows how the size Indeed, such dislocations lines, when arranged in SGB's,

of the steps varies with the macroscopic orientation of thehave always been found lying parallel[201] and arranged

boundary. The black/white contrast fringes parallel to theon the{110} plane. Note that the generation of such bound-
boundary plane arise from the superposition of a strong|

Yries involve, together with a climb component, the activa-
diffracting subgrain with a weakly diffracting subgradirand . ¢ d g id likal 1pT0 | : Nd123
are not related to the defect structure. Careful inspection relon of secondary %' € syéstlelms I"fj 0>|( ) n dditi t
veals significant strain contrast at the microfacet junctions, a e occurrence of10G an { 0} giidé planes in addition 1o
also reported for flux-grown bicrystaté.The presence of 001 suppresses the distinction noted above between the

boundary steps otherwise indicates a possible mechanism gfzneration mechanisms of SGB's {¥0Q and{11@ planes.
SGB migration. According to the dislocation model, the relevant param-

eter determining the critical current transported across a GB
is its dislocation densityp=1/D (D is the dislocation spac-
lll. DISCUSSION ing), which for a pure symmetrical tilt GB is- 6/|b|. For an
A. SGB dislocation networks inR123 arbitrary GB, the general form of Frank’s formula allows the
rediction of the geometry of possible precursor dislocation
rrays. The following relation holds for a general
oundary®

Our observations indicate that SGB’s formed by one se
of dislocations present a strong tendency to develop ol
planes of the typé€100; and{110}. Indeed, anisotropic elas-
ticity calculationg® for Y123 show that stable dislocations lie P
on the(001) plane and preserl00) and(110) Burgers vec- d=2 Sif(g) (per)=~6(per), (1)
tors. However, dislocations with=(110) are stable in the
screw orientatiori® As a result of this anisotropic character wherep is an arbitrary vector contained in the plane of the
of the dislocations, the mechanism involved in the formationboundaryd is the sum of the Burgers vectors intersected by
of SGB’s on{100; planes differs from that corresponding to p, andr is a unit vector along the rotation axis. For two sets
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of dislocationsd=n,b;+n,b,, wheren,; and n, are the ary would involve the climb dissociation &f=[001] dislo-
number of dislocations of each type intersectedobyfrom  cations into three collineaé [001] partial dislocations as
Eq. (1) it follows thatr is perpendicular to the plane defined observed in polycrystalline sampl&However, to the au-
by b, andb,,% as is the case of the example shown in Fig.thors’ knowledge there are no reports on such dislocation
3. This consideration predicts that R123, where the most networks stabilized on basal boundaries in melt-textured ma-
stable Burgers vectors lie on tt§@01) plane, SGB’s gener- terials. This is likely due to the preferential development of
ated by two sets of intersecting dislocations will present amicrocracks on(001). On the other hand, the unique basal
strong tendency to rotate abd@®01], while there is no con- boundary found in the course of the present investigation
straint on the boundary plane orientation. (Fig. 5, containing a large stacking fault with displacement
Consider the SGB shown in Fig. 3, built byy=[100]  vector R=3{001), is more likely associated with a growth
and b,=[010] dislocations, and neglect their interaction. defect.
The dislocation line directiong andl, are given byb,xn
andb; X n, respectively. In the present case they can be ex-
pressed in terms o and B3, 1,=(cosp,0, sinBcos«) and
[,=(0,—cosB, sinBsina), i.e., the dislocations form a In the preceding paragraphs we have considered the
square network foe=0°,90° and all values g8, except for SGB'’s as regular dislocation networks. However, a complete
B=90° when one of the dislocation sdthat with the Bur-  picture of the SGB microstructure must also include the mor-
gers vector contained in the boundary pladsappears and phological features of the SGB, characterized by stepped in-
the geometry transforms to that of a symmetrical tilt bound-terfaces(Fig. 7) and facetingFig. 6), that constitute sources
ary. For all other orientations ofthe dislocation array forms of microstructural heterogeneity in various length scales.
an oblique network as in the present case. Applying the forSimilar sources of microstructural heterogeneity have been
mulas given in Ref. 38, the orientation-dependent dislocatiomeported for flux-growff and thin-filnf* low-angle Y123 bi-
density,pt(n)=p4(n) + p,(n), can be expressed as crystals.
Stepped interfaces also occur in melt-textured materials in
0 order to accommodate deviations of the macroscopic plane
pr(n)= g(A+ B), 2 from the low-index orientatioiiFig. 7). Steps and ledges are
comprised of flat low-index facets with lengths in the range
where for simplicity we take a tetragonal lattice, i.e., 10-150 nm, depending on the local orientation of the mac-
a=Db. The first factor represents the dislocation denSityroscopic plane, as clearly shown in Figb¥ The occurrence
of a pure tilt boundary and the second one is a geometriof steps may be an indication of the migration of the SGB at
cal factor that takes into account the deviation from the '[i|'[high temperatures under the action of thermal and/or stress
geometry given by A=./cos B+sin"Bcose and B  gradients, most likely during the initial cooling stages from
=/ cos B+sir? Bsirf a. This gives pr=1.789/a for the the solidification temperature, and are therefore likely to rep-
above example, i.e., the dislocation density is increased by @esent kinetically frozen-in configurations. In this sense,
factor~1.8 relative to a SGB having the same rotation anglesome aspects of their microstructure resemble those reported
but a symmetrical tilt geometry. This value is of coursefor flux-grown bicrystal boundaries exhibiting sawtooth
slightly affected by the interaction leading to segments ofstructure$’ or even those commonly observed thin-film bic-
dislocation 3. It is interesting to note that if only dislocation rystal boundaries, which are typically found to meander
glide is allowed, two sets of dislocations can only build analong the path of the underlying straight substrate
arbitrary SGB if there are two active glide planes, as wouldboundary’® each meander being comprised by similar facets
be expected for Nd12%. A complete arbitrary boundary as well. Nevertheless, stepped interfaces in melt-textured
(that is, with arbitrary orientation of the rotation axis and R123 are, in general, more regular than thin-film meandering
boundary plane normatan be generated by means of threeboundaries as otherwise expected owing to the fact that thin-
sets of linearly independent Burgers vectors. In Y123 comfilm GB’s form under growth conditions far from equilib-
pounds, the most stable Burgers vectors lie on the basaium.
plan€® and therefore the formation of complete arbitrary — Since the orientation of the plane of a SGB determines the
boundaries is not probable. Such a boundary should be comature of dislocations stabilized on it, different facets in a
structed on a basis having Burgers vectbys-a[100], b,  faceted SGB may contain different types of dislocations.
=b[010], bs=(c/3)[001], which correspond to the edges of Facets may arise from the local incorporation of another type
the (pseudoy cubic perovskite unit. Thec{3)[001] Burgers of dislocation into the SGB. These parts of SGB’s rotate in
vector in fact results from the dissociation into three collin-order to minimize the dislocation energies. As an example,
ear partials of a perfect dislocation with001] Burgers vec-  Fig. 6 shows that facet A includés=(110) dislocations, in
tor, which owing to the length of has a prohibitive strain addition tob=(100 ones, that appear split int§110) par-
energy. To the authors’ knowledge, there is only one exampléal dislocations. Notably, we have found that not all the ob-
of one low-angle GB constituted by a combination of theseservedb=(110) SGB dislocations are splite.g., Fig. 1.
Burgers vectors, leading to five sets of dislocatiths. This distinctive behavior is likely to be related to the fact that
On the (001 plane, the most likely SGB that can be the splitting of b=(110) SGB dislocations results from a
formed is a twist boundary consisting of a square gridbof climb dissociation requiring high temperatures and therefore
=(110 screw dislocations, while the formation a tilt bound- depends on the temperature of formation of the boundary. On

B. Subgrain boundary mesostructures

184515-6



SUBGRAIN BOUNDARY STRUCTURE IN MELT. .. PHYSICAL REVIEW B 64 184515
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FIG. 8. Idealized drawing of the mosaic substructure of melt- 047
textured R123 materials, defined by the intersection of SGB’s
(shadoweg and microcracks. Black particles are peritectic - .
inclusions. 02 7
the other hand, the width of the stacking-fault ribbon is de- I twist \ \b tt
termined by a balance between the repulsive force between R —
the partial dislocations and the stacking-fault energy depend- 0 2 4 6 8 10
ing on the particular facet where the dissociation takes place. 9

Looking at the crystal structure of Y123 one finds that a slab

. l .
of thickness; dy, is composed by a stack of planes of the ¢ e, refers ton=(0.59,0.20,0.78) as determined for the sub-
type A-B-A-B whereA fllaS a composition YB&U;0, andB  grain poundary shown in Fig. 3. The inset shows the effect of add-
is Os. Therefore, &R=3(110 stacking fault has a stoichio- ing a twist component to an initial tilt configuration on thE00)

metric composition on thél10) plane. However, the sani®  plane with misorientations of 1.5eurvea) and 3°(curvec). Curve
results in a violation of the Cu-Ba first-neighbor order and ap is computed fore=18.64° (see text

high stacking-fault energy is expected. On the other hand, for

dissociation planes other th4hl(}, deviations from stoichi- gefined such that the observed behavior can be approxi-
ometry are likely to be associated with an increase of thenately described by,(6) =1—2r o46/|b|,}2 wherej, is the
stacking-fault energy in agreement with the narrow splittingyatio of the grain boundary to intragrain critical current. The
width observed in Fig. @). In a GB, the splitting width may  pest fit with experimental data is obtained fog=2.9b|.12

also vary with position in a particular facet due to an inho-|n order to extend the model to GB’s with arbitrary geometry
mogeneous  stress distribution within facets of smalli i interesting to note that the facte¥|b| in fact describes

FIG. 9. Plot of Eq«(2) for different boundary plane orientations.

dimension&” and with 6.** the dislocation density (or inverse of the dislocation spac-
ing) in the GB. Thus, we can writg.(p) =1—2r op7. From
C. Implication of observed SGB dislocation networks this relation it can be expected that two boundaries having
on critical currents the same rotation but different dislocation densities., a

different geometrical relationship between the rotation axis

According to our observations, a three-dimensional pic A .
g b gnd the boundary plane normatill present different values

ture of the mosaic structure may be drawn as defined by th oo X ! .
intersection of dislocation walls, displaying a tendency toof their critical current. Taking, for instance, a boundary with

[ i i i i [ i9001] composed of two sets of dislocations with
align with {100 and {110 planes, with microcracks lying rotation axisf
parallel to (001 (Fig. 8. Polarized light observatiofg?®  Burgers vectora[ 100] anda[010] (a~b) and the boundary

indicate that the size of the subgrains is tuned by the size arffan® normal given by=(«, 8) as in the example consid-
concentration of peritectic particlé$ TEM images indicate €red above, using Eq2) we find
that in sample regions having a high density of particles,
subgrains can be as small as a few micrométdrsus the
current flowing on th€001) plane must always cross SGB's,
while the current flowing parallel to theaxis will be mainly
limited by microcracks. In Nd123, howevd,00 and{110t  whereA andB are geometrical factors that take into account
microcracks also develop, though to a lesser extent thathe orientation of the boundary plane normal, as defined in
(001) microcracks™ The effect of the SGB's on the critical the preceding section. F@=90° anda=0°, 90° the arbi-
current is controlled by their microstructure, which typically trary boundary transforms to a symmetric tilt boundary. Ac-
consists of more or less heterogeneous mesostructures supedrding to Eq.(2), the introduction of a twist component,
posed on an ideally regular dislocation network. i.e., for 8<90°, has a strong effect on the width of super-
For symmetrical tilt GB’s, the dislocation model statesconducting undisturbed channels between dislocations. This
that in the low-angle regimeé< 6.) the transport current is shown in Fig. 9 wher¢. [Eq. (3)] is plotted for the pure
across the GB is proportional to the area of superconductinglt configuration on(100), the SGB plane determined for the
undisturbed material between dislocations. Taking into acexample shown in Fig. 8ndicated byb), and the twist con-
count the elastic strain fields, an effective radius of the nonfiguration on(001). Note that the misorientation needed to
superconducting core of the GB dislocatiomgi, can be achieve a giverj ratio is nearly halved for the twist or the

0
jo(m=1-2r; —(A+B), ®
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present exampléFig. 3) configurations. The effect of the shifted down to~2.8°, i.e., closer to typical SGB misorien-
twist component is enhanced by the magnitude of the mistations. Obviously this simple geometrical approach does not
orientation. The inset clearly shows this feature fer1.5°  take into account the dislocation interactions as those ob-
and#=3°, as well as the fact that the decayj inis stronger  served in Fig. 3 or the stress distribution within the SGB
for >45° and is smoothed out as the boundary approachgdane generated by two sets of intersecting dislocations,
the twist configuration. Accordingly, the suppression of su-which otherwise would tend to further reduce the current-
perconducting cross-sectional area for a boundary havin§arrying cross-sectional area of the SGB. This approach
~57% twist charactefcurveb) is similar to that expected for therefore predicts that some SGB's may cause an exponential
the pure twist configuration. In the insetandc refer to an decay of transport critical current even in the very-low-angle

initially pure tilt on the(100) plane rotated abo(it00] by g '€gime and hence have a stronger influence on the critical
up to the twist configuration, and cuneis computed for current than that expected for the linear regime represented

_ o P . in Fig. 9.
a=18.64° as for the example presented in Fig. 3. Thus, in & _ . .
6=3° boundary with 50% twist characte & 45°) approxi- As found in the present study, SGB dislocations may be

mately 50% of its cross-sectional area is disturbed by boundc_ilssomgtec[Flgs. 4b) a|:1d 8. As far as the §upercpnduct!ng
ary dislocations, while in a tilt SGB the same rotation im- properties of the SGB's are concerned, Q|slocgt|on spllt'tmg

; 0 ducti ¢ ducti has two remarkable effects, namely the dislocation density is
pI|e§ only a 30% re UCt'On_ Of superconaucling  CrosS5,raased and a stacking-fault ribbon is created between the
sectional area and therefore jg. As the boundary plane 4 partial dislocations. As argued by Tsu, Babcock, and
approache$OQD, however, the situation is complicated by Kaiser?? one can assume that the stacking-fault ribbons do
the elastic anisotrop§ of Y123 and the layered structure of pot affect the superconducting coupling across the boundary
the compound, which together may favor the localization ofgye to their localization in the direction of the current. On
the mismatch strain on a length scale similar to the thicknesghe other hand, takingy,=|b| and noting thatb| is halved
of the insulating slab of the unit cell. An extreme case of thisypon dissociation, it is found that the superconducting cross-
situation is found in the highly anisotropic compound Bi/ sectional area of the boundary is not changed. Then, the only
2212, where this effect has been proposed to explain theffect of dislocation splitting on the superconducting proper-
observed misorientation-independent superconducting betes of the SGB is associated with the decrease of the dislo-
havior of (001) twist boundaries? Following similar argu-  cation spacing, which for a given SGB plane orientation and
ments, the effect of nonstoichiometry in a basal plane SGEBnisorientation, may cause a downward shift@fin a way
(Fig. 5 onJS® is expected to be weak because the thicknessimilar to that discussed above in connection with variations
of the inserted layeR=3(001), ~0.39 nm, is similar to the of n at constant misorientation.
superconducting coherence length along theaxis, &. The contribution of SGB dislocation networks to the field
=0.3nm?° and because its effect is also likely to be maskeddependence of the critical currents in melt-textured materials
by the intrinsic anisotropy. On the other hari@pl)-faced is complex to analyze and it should be discussed in connec-
boundaries occurring in melt-textured123 are likely to  tion with the geometry and the physical characteristics of the
have only a weak incidence on the bulk superconductingneasurement technique. For instance, defects such as those
behavior because their effect is masked by the extendeshown in Figs. 1 and 2 provide evenly spaced arrays of dis-
(001 microcracking. locations parallel to the axis that are likely to act as strong

In the discussion of the preceding paragraph, it has beepinning centers for flux lines oriented parallel or perpendicu-

assumed that the dislocation model is valid through thdar to them if the Lorentz force has a component perpendicu-
whole low-angle regime. However, experimentally deter-lar to the SGB plane. Note that in Y123, where the disloca-
mined JSB(6) curves for tilt GB's suggest an exponential tion glide is confined onto a unique glide plane, namely
decay for misorientations greater thaff =3°—7°2"1" (001, {110 SGB's(Fig. 1) are the unique natural structures
which has been modeled by describing the boundary as ahat could providec-axis correlated disorder pinniff§.The
array of point contacts exhibiting weak link behavior whensituation is different in Nd123 where the occurrencédiC
their width becomes smaller than'® Translating this model and{110; additional glide planes favors the stabilization of
to an array of straight parallel dislocations one obtais c-axis dislocations in SGB's parallel to those plariesy.,
=|b|/[£(T)—2r,]~5° in agreement with experiment. Since Fig. 2 that are expected to enhance the pinning strength
the misorientations found in SGB’s typically fall belog¢, ~ When the magnetic field is parallel to theaxis. The pinning
those SGB's displaying a symmetrical tilt configuration areéfficiency of similar configurations has been assessed using a
likely to induce only a weak depression of the transport criti-symmetrical tilt 4° bicrystal Y123 filnt® On the other hand,
cal current across the SGB. Conversely, deviations from théhe same dislocation array can be considered as a limiting
symmetrical tilt geometry are likely to shift th& value to ~ mechanism for transpod; flowing on the(001) plane or for
lower misorientations, towards the angular range where the low-field inductive critical curreni2®(0,T), as discussed
more significant contribution from SGB dislocation networks above.
is expected. Unfortunately, a redefinition @f for arbitrary Besides regular dislocation networks, mesoscale struc-
SGB configurations is not straightforward. A tentative esti-tures such as faceting or stepped interfaces associated with
mation is, however, easy to perform in terms of dislocationcurved interfaces may have important implications on the
densities. Consider again the SGB plane normal derived faguperconducting properties of the boundary. The effect of
the SGB shown in Fig. 3. In this case one finds thatis  such mesostructures o}fB is independent of, but may be
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superimposed on, the contribution of SGB dislocation net{001) must always cross SGB's. Such configurations can be
works. An extreme situation is found in thin-film bicrystals directly inferred from the highly anisotropic crystal structure
characterized by meandering interfaces. Such boundariex 1-2-3-like superconductors, namely, preferred SGB planes
present a GB critical current enhancement by a factor of 3@re those perpendicular to the most stable Burgers vectors
relative to flat bulk biseeded GB’s fdf values up to 303!  b=(100) andb=(110) and therefore to the prominent glide
which has been attributed to the differences of the pinning oplane,(001). In Y123, with (001) as unique prominent glide
Josephson vortices in meandering and flat GBA.further  plane, SGB’s on{110 are built by c-axis orientedb
interesting phenomenon associated with interfacial mesos=(110) dislocations. The formation dfl10t SGB's is there-
tructures was reported for a flux-grown Y123 bicrystal dis-fore likely to be more restrictive as it involves, in addition to
playing a sawtoothed faceted structure. Long-range straing climb component, the activation of a secondary glide sys-
originating at facet junctions, similar to those observed intem, (110 {11G}. The occurrence of the unusuabxis ori-
Fig. 7, may cause a modulation ©f(r) along the path of the entation can be explained taking into account the line energy
boundary. In this way, faceting can modulate the couplinganisotropy ofb=(110) dislocations on th€001) plane. In
strength of GB’s and the strains concentrated around facetid123, with {100, and {110} glide planes in addition to
junctions can substantially increase the critical current at001), c-axis oriented dislocations are found either{a00
high fields by a field-induced pinning mechani$hOn the  or {110 SGB's. Incorporation of additional dislocations may
other handd-wave symmetry effects of the order param- stabilize the SGB on planes with arbitrary orientation. Regu-
eter that contribute to depred§® induce only a weak mis- lar dislocation arrays are frequently superposed by SGB me-
orientation dependencecos 26 of the critical current and sostructures, typically facets and steps, that break the period-
are therefore likely to induce a minor effect compared to thaicity of the dislocation array on length scales ranging from
associated with the SGB dislocation networks in the low-~10 to ~200 nm.
angle regime. Dislocation contents in arbitrary SGB’s built by two sets

Our microstructural observations clearly show that SGB'sof dislocations can be estimated using the generalized Frank
within single melt-textured domains are not necessarily agormula. Extrapolation of thg. dependence on dislocation
flat as those obtained by a biseeding technitjumyt present  density (or misorientation experimentally determined for
mesostructures that according to detailed GB studies in othesymmetric tilt GB’s to arbitrary SGB’s, predicts a significant
materials may lead to substantial enhancements of their sulepression of critical current as the twist component of the
perconducting behavior compared to those expected from loundary is increased at constant misorientation. Conversely,
description in terms of dislocation content and misorientatiorin light of experimental studies, the occurrence of mesostruc-
only as that given in the preceding section. Unfortunately, wdures is likely to enhance the critical current in high fields.
cannot provide in this work a statistical picture of the distri- The topology of the mosaic substructure along with the ob-
bution of the different types of SGB microstructures and me-served SGB microstructure strongly suggests that SGB net-
sostructures, but the present results strongly suggest that thrks in melt-textured materials may limit significantly the
field dependence of the SGB critical current is governed bycritical current at zero field, while at higher fields its contri-
the competition of the different types of defects. bution is likely to result from the interplay between the un-

derlying dislocation array and mesostructures.
IV. CONCLUSIONS
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