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Transformations of faceted grain boundaries in highT . superconductors
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A theoretical model is suggested that describes the transformations of faceted low-angle grain boundaries in
high-T, superconductors. Conditions are theoretically revealed at which the formation of split dislocation
configurations at facet junctions and central parts of facets of low-angle tilt boundaries is energetically favor-
able. The results of the suggested model account for experimental data reported in the literature on observation
of faceted low-angle tilt boundaries consisting of split dislocation configurations inThigluperconductors.
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The effects of grain boundaries on high-superconduc- system. Conditions of the formation of split dislocations at
tivity in cuprates are the subject of intensive fundamentathe facet center are very similar to those in the case of the
research effortgsee, e.g., Refs. 1-2inotivated by a range plane grain boundary, because of the similarity in
of technological applications of polycrystalline high-su-  neighboring-dislocation arrangement in these cases. In the
perconductors. Of special interest from both fundamentagontext of the similarity in question, we will not consider in
and applied viewpoints is the drastic reduction of the criticaldetail calculation of energetic characteristics of split disloca-
current density across grain boundaries. Though a systemati@n configurations at facet centers, which, in fact, is the
understanding of suppression of the transport properties gfame as in the previously examined situatfowith split
grain boundaries is still expected, there are no doubts in theislocations at plane grain boundaries. In this paper, we will
crucial influence of grain boundary structures on these propfocus our analysis on split dislocation configurations at facet
erties. This causes interest for experimental identification anfinctions, where the dislocations are placed in the stress
theoretical description of grain boundary structures in highfield, being the superposition of the stress fields created by
T. superconductors. Faceted structdr@?>=24[Fig. 1(a)]  two finite dislocation walls at adjacefmisoriented bound-
and split dislocation configuratiols?° are among the ex- ary facets.
perimentally detected specific structural peculiarities of low- S0, let us consider two neighboring facets of the boundary
angle grain boundaries, which are expected to strongly affedn its initial state, containing\,; andN, perfect lattice dislo-
their transport properties. Recently, a theoretical mddels ~ cations periodically arranged along the first facet with period
been suggested describing the experimentally obs&tvedh; and along the second facet with peribg, respectively.
split dislocation configurations at plane low-angle tilt bound-Burgers vectors of the dislocations belonging to the first
aries in YBaCuO superconductors. These split configurationésecond, respectivelyfacet are denoted &3, (B,, respec-
have been assumed to be identical along a grain boundatively). In order to theoretically characterize the conditions at
plane, as it has been detected in experim&hksowever, in ~ which the structural transformations of faceted tilt bound-
contrast to the case of plane grain boundaries, the split disries occur in highF. superconductors, we will distinguish
location configurations belonging to one faceted grainthe two basic structures of such boundaries, conventional
boundary are very different in the case of faceted grairlFig. 1(@] and split [Fig. 1(b)] structures. A faceted tilt
boundaries. Following experimental datecentral parts of
facets contain split dislocation configurations with partial
dislocations well distant from each othifig. 1(b)], while
dislocations in the vicinity of junctions of grain boundary
facets either do not split or split into partial dislocations
closely distant from each othgFig. 1(b)]. The main aim of
this paper is to propose a theoretical model which describes
the experimentally observ&tf° split dislocation configura-
tions at faceted grain boundaries in highsuperconductors.

Let us discuss geometric peculiarities of faceted structures
of low-angle boundaries and their effects on the dislocation
configurations at grain boundaries with focuses placed on the
exemplary case of low-angle boundaries in Y80, _5
superconductors. Dislocations at facet junctions and central
parts of grain boundary facets have different arrangements of /
their neighboring dislocationgFig. 1). As a result, stress
fields of these neighboring dislocations cause different con-
ditions of the formation of split dislocation configurations
[Fig. 1(b)] at facet junction and a central part of a facet, FIG. 1. Structures of faceted tilt boundaries in hifhsuper-
which is driven by a release of the elastic energy of theconductorsia) conventional andb) split structures.
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T y [Fig. (@] and the new dislocation structure shown in Fig.
2(a). For shortness, hereinafter, the conventional dislocation
structure[Fig. 1(@)] and the dislocation structure shown in

Fig. 2(a) will be denoted as structure 1 and structure 1-2,

respectively. The energy of structure 1 can be written as fol-
lows:
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FIG. 2. Low-angle boundary structure 1-(3) Two facets of a Here Wg:p denotes the proper energy of a d|p0|e of partia]

low-angle boundary consisting of perfect dislocations with one dis'dislocationsVVC the energy of a partial dislocation coktydip
location being replaced by a split dislocation configuration at face n3 mt

fect dislocation and two dipoles of partial dislocations. int : : in2-dis
of partial dislocations and the structureV¥P>4Sthe energy

boundary with the conventional structufieefore the trans- of interaction of the lower dipole and structure ", the
formation represents a consequence of facets of two typesqgiys of a partial dislocation core, ang 2ndy are, respec-
each consisting of periodically spaced perfect lattice dislocaﬂvew, the length and the energy of stacking fault formed
tions[Fig. 1(a)]. The split structure of a faceted tilt boundary pepyeen the partial dislocations composing the split disloca-
(after the transformationcorresponds to a consequence ofion configuration[Fig. 2a)].

facets of two types, each consisting of split dislocation con- gy, Egs.(1) and (2) we find that the change in the

figurations[Fig. 1(b)]. For purposes of this paper dealing gnergy that accompanies transformation of structure 1 into
with a theoretical description of the structural transforma-gircture 1-2 is as follows:

tions of faceted tilt boundaries in high: superconductors,

we will focus on the situation with an element of the split AW, _,=W,—W; = —W§ +2W§+ 2W§ -+ WP+ WPt
structure being generated in the preexistent conventional o

structure at facet junctiofFig. 2@)]. In other words, we will +WPZ S 2(p— ro,)7- €)
theoretically examine characteristics of the new dislocatio . " .
structure: Ayconventional faceted tilt boundary with one per[]].—he equaﬂpnAWl_z:O corresponds to the critical cond|.-
fect dislocation being replaced by a split dislocation configu-t'ons at which the structure-1-to-structure-1-2 transformation
ration at a facet junctiofFig. 2(@)]. In these circumstances, oceurs. . . .

in order to quantitatively describe the conditions at which the Let us qon3|de_r terms on the right-hand side O.f form_ula
structural transformation in question occur, we will examine(3)' The dlslocat_lon core energy for a perfect dislocation
the conditions at which the formation of new dislocation (W1) @nd_a partial dislocation\3) are given by known

structure is energetically favourable. formulas®®

Following the theory of dislocations in solid3the split GR2 Gb?
dislocation configuratiofiFig. 2(@)] can be represented as a Wc:—l' = (4)
perfect dislocation and two dipoles of partial dislocations, as b 4n(1-v) 3 4m(1-v)

shown in Fig. 2b). In the framework of this representation, ;hereB, andb are Burgers vectors of perfedtom the first
the lower dislocation of the top dipole and the top dlslocatlonfaceb and partial dislocations, respectivelg denotes the

of the '°W_ef dip_ole are 'OC?‘ted at the same posi_tion_ as thhear modulus and the Poisson ratio. Following Ref. 15 the
perfect dislocation, in which case their combination is nergiesWe. andWAP are as follows:
equivalent to the absence of any dislocation at the initial” dip nt ’

position of the perfect dislocation.

: e , Gb? P—To, . Gb? pP+ro,
With the representatiofFig. 2(b)] taken into account, let wWel = In Wb In
us consider the difference in the energer unit length of P 2m(1-v) Fo, 2m(1=v)  2rq,
dislocation$ between the conventional dislocation structure (5)
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Now let us consider the energi®§lPt-ds gnd wdip2-dis, L o 2
Following the approach in Ref. 26 the energy that character- Wit th s [0 (x=0y) + 03/ (x=0y)]dy.
izes elastic interaction between two defects can be calculated v
as the work spent to transfer one defect from a free surface of
a solid to its current position in the stress field created by
another defect. In this context, in our case, the interaction
energiesWor™ and War> @ can be written in the general Here o{¥(x,y) and o{2(x,y) are the stress components of

)

form as follows: dislocations belonging to the first and second facets, respec-
hy/2+ p t?vely. Burgers vectors of the dislc_)catic_)ns belonging to the
Wipd-dis_ bf [ D(x=0y)+ @ (x=0y)]dy, first facet are oriented along axis (Fig. 2). Therefore,
ha/2+rg, (1)(x y) represents the following sum of stresses of these

(6) dislocations®®

Nt GB, "Lt [y—hy(n+121[y—hy(n+1/2)]%+3x2
(1) _ B, _ __ 1 1 1
O-XX(Xay) nZO O-XX(X’y hl(n+1/2)) 27T(1_V) nZO {x2+[y—h1(n+1/2)]2}2 . (8)

Burgers vectors of the dislocations belonging to the second Np—1

facet(Fig. 2) are not parallel with axig, in which case it is a')((i)(x y)= E [0' X(x—nhysina,y+nh,cosw)
convenient to write the stress componerf)(x,y) as the

sum of stresses created by dislocations with Burgers vectors
being projections,, andB,, of the vectorB, onto axesx

andy, respectively: where

+ chBfV(x— nhysina,y+nh,cosx)], 9)

GB,cosy [y+nh,cosx][(y+ nhycosy)?—3(x—nh,sina)?]
2m(1-v) [ (x—nh,sina)?+ (y+ nhycosw)?]?

affx(x— nh,sina,y+nh,cosy) = , (10

GB,sina [x—nh,sin Xx—nh,sina)2— (y+nh,cosx)?
2y(x nhysina,y+nhy,cosy) = 2Sina | zsinL( 2Sina)”— (y z ) ]. (11
2m(1-v) [ (x—nh,sina)?+ (y +nh,cos)?]?

Now we have formulag4)—(11), which allow one to cal-  whereas the dependenaV; _, decreases with decreasipg

Z‘Wte a\I/IV tthem‘s O]f thel characﬁeristic |en|el;g)(lj tﬂiﬁ‘are”cefrom 8B, to B1, whereB;=3.9 A is close to crystal lattice
1-2:. Wl ese formuias, we have caicuiated the depen parameters of YBaCuO cuprate along thendb axes. In
dence ofAW;_, on p (where 2 is the distance between : o ! : : .
these circumstances, the split dislocation configuration with

partial dislocations forming a split configuratiom the ex- o . . o i .
emplary case of100 and (110 facets, for the following minimal interspacing between partial dislocations is most en-
: ergetically favorable at facet junctions. At the same time, the

characteristic values of parameteBy~3.9 A, B,~5.5 A, : abIE _ \ _ : _
h;~4.5 nm, h,~6.3 nm (these values oB,, B,, h;, and formation of split dislocation configurations with the inter-

h, correspond to boundary tilt misorientatih=5°), «  SPacing »=2p’ (in our case, p'~6B,) is energetically
=45°, N;=N,=5, y=1.1J/nf, G=113 GPa, andr favorable in the central parts of grain boundary facets. These

~0.3; see curve 1in Fig. 3. In Fig. 3 the dependehti results obtained in the framework of our model are in agree-
1-2 20 _
that characterizes the formation of a split dislocation con.ment with experimental data™” on observation of spiit dis

figuration at the facet center is shown as curve 2. In doing sq, ocation configurations at fa_xceted grain boundgnes. n
~ . . . YBaCuO superconductors, which are small at facet junctions
AW, _, is calculated using the approach in Ref. 15, for pa-

. and extended at central parts of facets.

rameters listed above. Thus, in this paper a theoretical model has been suggested
Let us analyze these dependences. BAW,_, and  yegcribing transformations of boundary dislocation structures

AW;_, (curves 1 and 2 in Fig. 3, respectivelgre negative  at faceted tilt boundaries in highs superconductors. In the

at anyp in the range under consideration. However, the deframework of the model suggested, boundary dislocations at

pendenceAW,_, has its minimum at g=2p’'~6B,, facet junctions and central parts of boundary facets split into
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AW1.2, Jx10”

In general, current modéfs™?! of the grain boundary
AW g, JX10°

effect on highT, superconductivity are based on the repre-
sentation of low-angle tilt boundaries as periodic walls of
perfect dislocation§Fig. 1(a)]. However, in the light of both
experimenty ~2°and theoretical analysis given in this paper,
the splitting of dislocations at low-angle tilt boundari€sg.

1) should be definitely taken into consideration of the effects
of grain boundary strain fields and core structures on Righ-
superconductivity in cuprates. Also, structural variations and
the corresponding variations of the transport properties of
faceted grain boundaries are worth being taken into account
in analysis of percolation processes in polycrystalline high-
T, superconductors:*>More precisely, in the context of ex-

FIG. 3. Dependences of the characteristic energy dif'ference?enmemaI .da and theoretical results of this .paper, a
(AW;_, and AW, _,) on interspacing @ between partial disloca- aceted grain boundgry F:annot be tre_atgd as a grain boundary
tions forming a split dislocation configuration at facet junction ngtwork element W,lth its characteristic constant value Of,
(solid curve 1 and central part of a boundary fadetirve 2. critical current density. Such a boundary represents a combi-

nation of elementsin particular, facet junctions and central

partial dislocations joined by small and extended stackin arts of facefswith d|ffe_rent st_r uct_ures and, therefore, dif-
faults, respectively. The rearrangements of grain boundar}tT€Nt transport properties. This view changes the geometry
dislocations are driven by a release of the elastic energy def@ N€twork of elements c.on.ducztmg the supercurrent, which is
sity of grain boundary dislocation ensemble whose geometry€'y essential in a descriptibi“of percolation processes in
causes different behaviors of dislocations at facet junctiongolycrystalline high¥; superconductors. The results of our
and central parts of facets. In doing so, distribution of graintheoretical analysis can be used also in a description of split
boundary dislocations varies along the grain boundage dislocation  configurations  that often  exist in
Fig. 1(b)] and, therefore, is capable of causing spatial variasemiconductors:* and quasicrystaf&**

tions of its transport properties. These theoretical results are . . .
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tation of experimentally observ&d® inhomogeneities of and N00014-0-1-1020, the Russian Fund of Basic Re-
the supercurrent along grain boundaries in Higrsupercon- ~ search(Grant No. 01-02-16833and “Integration” Program
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