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Transformations of low-angle tilt boundaries in high-T . superconductors
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Theoretical models are suggested which describe the transformations of low-angle tilt boundariesTin high-
superconductors. Conditions are theoretically revealed at which the formation of split and amorphous disloca-
tion configurations in low-angle tilt boundaries is energetically favorable. The results of the suggested models
account for experimental daf. F. Chisholm and D. A. Smith, Philos. Mag. %9, 181(1989] on observa-
tion of low-angle tilt boundaries consisting of either split or amorphous dislocation configurations iff high-

superconductors.
DOI: 10.1103/PhysRevB.63.064515 PACS nuni§er74.80.Dm, 74.20.De, 74.60.Jg
I. INTRODUCTION influence the local oxygen concentration and the electric

charge density inhomogeneities which, according to
The critical current density in polycrystalline high-su- ~ models?*#*8 are capable of causing the superconducting
perconductors is strongly suppressed by grain boundariesyder-parameter modification close to grain boundaries and
e.g., see Refs. 2—7. The grain-boundary effect in question, otfieir transport properties. In this context, an analysis of
the one hand, plagues high-current applications of polycrystransformations of core regions and stress fields of grain
talline superconducting materials and, on the other hand, isoundaries is of primary interest for a description of the
interesting for understanding the fundamentals of High- grain-boundary effect on highz superconductivity. The
superconductivity. Several physical mechanisms have beemain aim of this paper is to propose theoretical models
proposed as those causing the drastic reduction of the criticathich describe the experimentally observédrmation of
current density across grain boundafie¥ So, suppression split and amorphized dislocatior{&ig. 1) composing low-
of the transport properties of grain boundaries is attributed t@ngle boundaries in higl; superconductors.
the following factors:(i) structural disorder within cores of As it has been revealed in the experiméntise structure
grain boundarie87'° (ii) structural disorder induced by of low-angle[100] tilt boundaries in YBaCuO;_ 5 super-
stress fields of grain-boundary dislocatiéhs®’(iii) devia-  conductors drastically changes with boundary misorientation
tions from bulk stoichiometry in vicinities of grain 6. So, for#~5°, tilt boundaries represent walls of split dis-
boundaried*28(iv) band bending;**~1%(v) the combined location configurations each consisting of three partial dislo-
effects ofd-wave-type symmetry of the superconducting or-cations of the edge tydé-ig. 1(b)]. The sum Burgers vector
der parameter and the faceted microstructure of graimf a split dislocation configuration is the crystal lattice vector
boundaries?® However, a systematic understanding of theB=(0,0B) in conventionala, b, 9 crystallography of high-
grain-boundary effect on higi; superconductivity is still T, superconducting cuprates, wheBe=-1.17 nm. Each par-
expectede.g., see reviews, Refs. 6, 7, and.19 tial dislocation composing a split dislocation configuration

The most remarkable experimentally documented fact ifFig. 1(b)] is characterized by Burgers vectbr=(0,0b)

the area discussed is the general disparity between the be-
havior of low- and high-angle boundari&s. So, the critical
current densityJ, across low-angle boundaries drastically
decreases with boundary misorientatiententatively as: :
J.(0)~J.(0°)exp(— 6/8°), whered ranges from 0° to about J- B
15°. High-angle boundaries are characterized by low values
of Jo(#)~(10"3-102)J,(0°), which are weakly sensitive
to boundary misorientatiofl (>15°). In order to explain the .
low-angle/high-angle distinction as well as the associated ex- J_
perimental data on the grain-boundary effect on highsu-
perconductivity, theoretical mod&@®'’ have been pro- ;
posed treating the effect as that related to suppression of the ;
superconducting order parameter within crystallographically -L
disordered cores of grain boundaries and their elastically
stressed vicinities. These models view geometric parameters
of grain-boundary cores and distributions of grain-boundary-
induced stress fields as the very important factors strongly
affecting the critical current density, across grain bound- FIG. 1. Structures of low-angle tilt boundaries in hi§hsuper-
aries in highT, superconductors. Also, characteristics of conductors:(a) conventional,(b) split, and (c) amorphous struc-
core regions and stress fields of grain boundaries essentialtyres.
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FIG. 2. Wall of perfect dislocations with one dislocation being
replaced by a split dislocation configuratidlow-angle boundary
structure 1-2 (a), and wall of split dislocation configurations with
one split dislocation configuration being replaced by an amorphous

dislocation configuratiorilow-angle boundary structure 2-8). fo

1

with b being equal tdB/3. The neighboring partial disloca- FIG. 3. Split dislocation configuration is represented as a perfect
tions in the boundary witt9~5° are distant by tentatively dislocation and two dipoles of partial dislocations.
12b.

Low-angle [100Q] tilt boundaries with #~7° represent in order to quantitatively describe the conditions at which the
walls of dislocation configurations with amorphous coresstructural transformations in question occur, we will examine
having trianglelike sectiongFig. 1(c)]. Such “amorphous”  the conditions at which the formation of the new dislocation
dislocation configurations as elements of low-angle boundstructuresFig. 2) is energetically favorable.
aries provide misorientation of adjacent crystalline grains in
YBa,Cu;0;_ s superconductors and are characterized by

Burgers vectors of thé0,0B) type? Il. GENERATION OF A SPLIT DISLOCATION
In order to theoretically characterize the conditions at CONFIGURATION IN CONVENTIONAL
which the structural transformations of low-angle tilt bound- LOW-ANGLE TILT BOUNDARY

aries occur in highf, superconductors, we will distinguish

the three basic structures of such boundaries: conventional Let us c0n3|_der a_wall of perfect d|slopat|_ons W.'th one
[Fig. 1], “split’ [Fig. 1(b)], and “amorphous{Fig. 1(c)] perfect dislocation being replaced by a split dislocation con-

structures. A tilt boundary with the conventional structuref'gl.’raggn[':'g' 2(.a)]..FoIIovy|ng the t.heory.of dislocations in
T . solids;™ the split dislocation configuration can be repre-
represents a wall of periodically spacedth periodh,) per- . . ) .

' . . sented as a perfect dislocation and two dipoles of partial
fect dislocations with Burgers vectors of the (8p,type dis| . h in Fio. 3. In the f K of thi
[Fig. 1(@]. The split structure of a low-angle tilt boundary Islocations as shown In Fig. 3. In the framework of this
[seé Fi ib)] corresponds to a wall of periodically arranaed representation, the lower dislocation of the top dipole and the
(with g.riodh )'s Iitpdislocation confi ?JrationB:iy 1(b)]g top dislocation of the lower dipole are located at the same
Atilt b%undarz witﬁ] the amorphous st?ucture i rr?édeled as osition as the perfect dislocation, in which case their com-
wall of peri é’i v arran cr{)with riod h,) amorph ination is equivalent to one partial dislocation, the disloca-

all of periodically arrange Period Na) amorpnous =4, in the center of the split configuration shown in Fig. 3.
dislocation configuration§Fig. 1(c)]. For purposes of this

: . . - With the representatio(Fig. 3) taken into account, let us
paper dea"T‘g with a theoretlcgl descrlptlc_)n O.f th(_a Structur"’l(l:onsider the difference in the enerer unit length of dis-
transformations of low-angle tilt boundaries in high-su-

locations between the conventional dislocation wéllfig.

of a low-angle tilt boundary. In other words, we will theo- ;"o qenoted as structure 1 and structure 1-2, respec-

retically e>.<am|ne charactenst|c§ of the two new dISIOC""t'on‘tively.) The energy of structure 1 can be written as follows:
structures: a wall of perfect dislocations with one perfect

dislocation being replaced by a split dislocation configura-

tion [Fig. 2(a)] and a wall of split dislocation configurations R

with one split configuration being replaced by an amorphous W, = RWi'*‘ — WS, (1)
dislocation configuratiofiFig. 2(b)]. In these circumstances, hy
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where R denotes the length of a tilt boundary modeled asway in the framework of the schem&So, the former energy
structure 1W¢' the elastic energy density of structure 1 perWSP is calculated as the work spent to the generation of one
its unit length, andW; the energy of a perfednonspliy  dipole in the stress field created by another dipole of partial
dislocation core. dislocations:

The energy of structure 1-2 is given as

) p .
| wip=b [ orc-0y)ay
WS+ 2W5i,+ 3W5+ WP 0,

R
Wy ,= RV\€'+(——1
hy

b1 Gb? Pl 1 1 J
Ip— = JEE—

+2Wint +2(p—2r02)7. 2 2m(1—v) o, y+p y y
Here \/\/‘32p denotes the proper energy of a dipole of partial

2 +r
dislocations,W; the energy of a partial dislocation core, __ Gb np 02.
\/\/}jn'tp the energy of interaction between the dipolEgy. 3), 2m(l=v)  2ro,

WE,P~P* the energy of interaction between a dipole of partial . energy of the dipole-structure-1 interactidf® " is
I

dlsl_ocat|ons and structure fo, the _rad|us of a partial dislo- calculated as the work spent to the generation of the dipole in
cation core,y the energy of stacking fault formed between the structure-1-induced stress field which is givef? as
the partial dislocations composing the split dislocation con-

figuration (Fig. 3.

(6)

GB siny(coshX — cosy +X sinhX)

From Egs.(1) and (2) we find that the change in the abl(x,y)=— — — @)
energy, that accompanies transformation of structure 1 into XX 2(1=v)hy(costx—cosy)
structure 1-2, is as follows: HereX=2mx/hy; y=2mylh;; P=2mp/h;. In these cir-
cumstances, we find the enerwljr:f_bl as
AW, ,=W; ,—W;
- _ [ i A P
=~ Wit Wi, + 3W5 + WiR? Wipbi—py f obl(x=0y)dy
+2WHP P+ 2(p—2rg,)y. 3)
] N ) GBb 1—cosp
The equationAW;_,=0 corresponds to the critical condi- = (8

— n — ,
tions at which the structure-1-to-structure-1-2 transformation 4m(1=v) " 1—cosrt 0y

occurs.
Let us consider terms on the right-hand sides) of for-
mula (3). The dislocation core energy for a perfect disloca-

tion (W5) and a partial dislocationWs) are given by the

2
known formulg® Gb? B2 2(p—ro,)
AWl_Z—m 322__2'Zl+2 In————

b Fo,(P*To,)

wherer, s the radius of a perfect dislocation core.
With Egs.(4)—(6) and(8) substituted to Eq(3), we have

Gb?z,
T @ B Lrcosh

b nl_COSTOl +2(p—2r02)y. (9)

with Z; being a nondimensional constant of the order of 1;

i=12; by=B; b,=b; G denotes the shear modulus and Following estimates of Ref. 1, the stacking fault enesgy

the Poisson ratio. According to the general calculationf. : : . :
. . ; iguring on the rhs of Eq(9) is approximately given a
schemé? the proper energy of a dipole of partial disloca- ~g7GB?/[3247-r(1— ], V\?igh)this E’fken into gor?siderat?z)n

gpnsl 'S cilcultated ?.S lt(;‘rﬁigvor:"(fp‘?m to the generation of thﬁ/e numerically calculated with the help of formul@) the
Ipole in its stress fieldry,’(x=0y): dependence oAW,_, on boundary misorientatiofl [which
b fpor is in the following Frank’s relationshifl with parameters of
2P0 dip,, the dislocation structure®=2h, sin(#/2)], for characteris-
Waip 2 Jroz o (x=0y)dy tic values of parameter8=3b, Z;~Z,~1, ro ~B, and
) ro.~b (see Fig. 3. According to the results of these calcu-
Gb P—ro,( 1 1 2 . L
-— —f (__ _> dy lations, the energy changeW, ., is negative in the range of
4m(l=v) Jry \Y=P Y 6 from 0° to 7°, for b<p=<17b. As a corollary, the exis-
tence of low-angle boundarigsvith #<7°) consisting of
. Gb? | P~To, split dislocation configurationg=ig. 1(b)] is more energeti-
" 2m(1—v) n ro. 5 cally favorable than that of low-angle boundaries consisting
2 of perfect dislocation$Fig. 1(a)]. Also, our calculations in-
Both the energy of the dipole-dipole interaction and that ofdicate that the so-called equilibrium distanpg, between
the dipole-structure-1 interaction are calculated in the samaeighboring partial dislocationgéhat is, the distance corre-
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FIG. 5. Transformation of split dislocation configuration into

FIG. 4. Dependence of equilibrium distanpé,=peq/b be- amorphous dislocation configuratiomode).

tween neighboring partial dislocations in a split configuration on tilt

boundary misorientation angie adjacent crystalline phase. With this representation taken

into consideration, the amorphous dislocation configuration
[Fig. 1(c)] is modeled as that resulted from the two splitting
processes which are as follow8) the splitting of a split
dislocation configuratioriFig. 5@)] into a ragged wall of
dislocations distributed continuously along the wgHig.
5(b)] and characterized by infinitesimally small Burgers vec-
tors sb; and(ii) the consequent splitting of the ragged wall
into the two walls of continuously distributed elemental dis-
locations at the crystal/glass interphase bounfiiy. 5(c)],
characterized by Burgers vectats’ andsb”, in which case

the walls are divided by the amorphous phase. The sum Bur-
Ill. GENERATION OF AN AMORPHOUS DISLOCATION gers vector of the elemental dislocatiof&g. 5(c)] is B

CONFIGURATION IN WALL OF SPLIT DISLOCATION =(0,0B).

CONFIGURATIONS The two ragged walls of the continuously distributed dis-
Let us consider the transformation of the |OW_ang|eIocations[Fig. 5(c)] create stress_fields which are gquivalt_—:tnt
boundary structure composed of split dislocation configural® those generated by the two dipoles of wedge disclinations
tions [Fig. 1(b)] into the structure composed of amorphousShown in Fig. &d). The two disclinationgeach is character-
dislocation configurationgFig. 1(c)]. (For simplicity, here- 12€d by negative strength-w) that are the elements of the
inafter, these structures will be denoted as structure 2 andiPoles are located at the lower edge of the amorphous dis-
structure 3, respectivelyTo do so, by analogy with our location core[Fig. d)] and, in fact, converge into one dis-
consideration given in the previous section, we will focus onclination characterized by strengtw. Two other disclina-
the “intermediate” structure, that is, a wall of split disloca- tions (each being characterized by positive strengih) are
tion configurations with one split configuration being re- located at the upper edges of the amorphous dislocation core
placed by an amorphous dislocation configuratidfig. with section assumed to be an isosceles triafiglg. 5(d)].
2(b)]. (Hereinafter, the structure under consideration will beThe dipole arms are equal to the ragged wall length Phe
denoted as structure 2)More precisely, in order to quan- disclination strengzﬂ_au is a_ssumed to be_ small; for geometric
titatively describe the conditions at which the transformation"®@S0nsB~4aw,** in which case we findo~3b/(4a).
from structure 2 into structure 3 occurs, we will calculate the N the framework of the model considered, we will ana-
difference AW,_5 in the energy between structure 2 and'yz‘? energetic ch_aractenst;cs of the formation of the discli-
structure 2-3. nation configurationassociated with the amorphous core,
The amorphous dislocation configuration has the amorSe€ Fig. &)] in the wall of split dislocation configurations
phous corewith a trianglelike sectionand is characterized LFig- 2b)]. The “intermediate” structure 2-8Fig. 2b)] can
by Burgers vector of thé0,0B) type. The amorphous dislo- be rgpresgnted as structure 2. comb!ned W|th the two defect
cation core does not contain any experimentally distin_conﬁguranons: a virtual split dislocation co_nﬂgura}tmn char-
guished, grain boundary or lattice, elemental dislocasioh ~ acterized by Burgers vector; B, and the disclination con-
In these circumstances, following the general model descrigiguration with the amorphous cot€ig. 6). With this repre-
tion of dislocations and grain boundaries with amorphoussentation, the total energfper unit length of dislocation
cores?! the amorphous dislocation configuratifffig. 1(c)] configuration$ of structure 2-3 can be written as follows:
can be effectively represented as the amorphous core region
with the dislocation charge—Burgers vector—continuously Wa.3=W,—3W§+3We'+ WoS™ 224+ 2W5 + Wi + 2Wi P
distributed at the boundary between the amorphous phase
(the core of the amorphous dislocation configuratiamd the

sponding to the largest value pAW, _,|, the difference in
the energy density between structurgFig. 1(a)] and struc-
ture 1-2[Fig. 2(@)]) decreases with boundary misorientation
6 (Fig. 4). For §=5°, from our calculations it follows that
Peq=11b. This is in agreement with the experimentally
measuretivalue (= 12b) of the distance between neighbor-
ing partial dislocations composing split dislocation configu-
rations atf=>5°.

+2Wﬁ{vd+wam+ra/c—2(p—2r02)'y, (10
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[y Gb? R
- =7 In—
: : W= 2m =) '”roz' (12)
+ +
N N The energyW’ 42 of the interaction between the virtual
; ' split dislocation configuration and structure 2 is calculated as
S N i T the work spent to the generation of the configuration in the
stress fieIdaE§ of structure 2 when the virtual dislocations
b b o o are introduced by gliding along plangs=0, y=p, andy
h -‘-—’ - . =2p from the closest outer boundary of the solid to the
2p| grain-boundary plane:
+ o+ 5 4 =
L T ) R
Wit "= —bfro {oRy(x,y=0)+a05(x,y=Pp)
| 2
+ +
L i +oRy(xy=2p)}dx. (13)
_‘_ _._ The stress fieldrfjg(x,y) on the rhs of formulg13) repre-

sents the superposition of the stress fie}q§,2° induced by
) ) ) ~ the three walls of edge dislocations with Burgers vectrs
FIG. 6. Representation of an amorphous dislocation configuragnat gre characterized by peribg and are shifted relative to

tion as tha_lt resglted from the gnn_ihilatio_n of a rt_aal sp_lit dislocationeach other by distancgsand 2p, respectively(Fig. 6):
configuration with a virtual split dislocation configuration of oppo-

site sign and the adding of the amorphous dislocation configuration. oo
ny(xvy) = ny(XaY) + U’xy(xyy_ p)+ ny(xay_ 2p),

whereW, denotes the total energy of structure 2, the peri- (14
odic wall of split dislocation configuration$-ig. 1(b)]; \/\/‘,jI

the proper energy of a virtual dislocation with the Burgers GbX(coshx cosy—1)

vector —B/3; W'S P2 the energy of the interaction between Txy(Xy) = 2(1— v)h,(cosiX— cosy)?’ (19

the virtual split dislocation configuration and the structure 2; _

W2 the proper energy of a disclination dipoleomposing ~WhereX=2mx/h; andy=2my/h,. With Egs.(14) and(15)

the disclination configuration shown in Fig); V2, the en-  Substituted to Eq(13), we have

ergy of the interaction between the disclination dipoles;

Wi P2 the energy of the interaction between a disclination d—b2 Gb? )

dipoles and structure a3V, V% the energy of the interaction Wint "=~ mB[ 70 €Oth770—In(2 sinhz,) ]

between a disclination dipole and the virtual split dislocation

configuration;W,, the difference in the energy between the

amorphous and crystalline phasEg;. the surface energy of +2®(170,P) + P(70,2D)}, (16)

the interface between the amorphous and crystalline phasev%here — e /N and
The transformation of structure 2 into the intermediate K 072

structure 2-3 is accompanied by the following change of the

energy: 1 f+°° coshx cost—1

q)(no’t)::l zno(coshx—cost)ZXdX' (17

AW; 3=W, 3= W, The proper energy of the disclination dipal& is effec-

tively calculated in the following two stages. First, the work
_ 3W<2:+3W§I+Wvd—b2+2W§+WA +2\WA-b2 is calculated which is spent to the generation of one elemen-

T int int int tal dislocation belonging to a wall of continuously distrib-

uted dislocations that is equivalent to a disclination dipole

+2WA’”d+Wam+ Fa/c—z(p—zroz)% (11 (Fig. 5 in the stress field of this dipole. At the second stage,

int

the work spent to the generation of one elemental dislocation
is integrated over all elemental dislocations that compose the
The equationAW,_;=0 gives critical conditions at which wall of the continuously distributed dislocations. The inte-
the transformation occurs. gration procedure results in the work spent to the generation
Let us analyze constituents AW, _5, figuring on the rhs  of the disclination dipole in its stress field. This work repre-

of Eq.(11). The proper energM' of a virtual dislocation is  sents the energwﬁ which, according to our two-stage cal-
given by the formuld’ culations, is given as

064515-5
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Wh— Gw?a® 1e2 R 18 b2 _ Gwb 2wy,
S 2m(1—v) N2a) (18) il (X1,Y1) = 2(1—1/)h2Sln h,
: : o e (X+x,)dx
The energy of the interaction between the disclination di- X 2 Xy) v
polesWi,, is calculated in a similar way. At the first stage, % cosh - Y cos hyl
2 2

the work is calculated which is spent to the generation of one
elemental dislocation belonging to a dislocation wall that is
equivalent to one disclination dipole in the stress field cre- (22)
ated by another disclination dipole. Then the integration oveFor the intermediate and upper dislocation walls composed
all elemental dislocations composing the wall results in theof partial dislocations with coordinatgg=0, y=p+kh,)
work spent to the generation of one disclination dipole in theand (x=0, y=2p+kh,), respectively, the work under con-
stress field of another dipole. With this calculation schemesideration can be calculated in the same way. In doing so,
we find the energWVﬁt to be as follows: after some algebra, we obtain the following expressions that
correspond to the intermediate and upper walls, respectively:

Wi B2=Wi 22(0,p) + Wi P2(x1,y1—P), (23

. Go?a® R
Wim:’ﬂ(l—v) 1+2|n2_a cosa A—b2 _\pA—b2 A—b2
int3 = Wint1 (0,20)+Win 1°(X1,y1—2p). (24
The summing of Eqs22)—(24) results in the following for-
+(l—COSa)|n[2(l—COSa)]]. (19 mula for the energy of the interaction between a disclination

dipole and structure 2:

Here a is the angle between the arms of the disclination ., a—p2 Gob  h; ~ ~ ~

dipoles(Fig. 6) which is assumed to be lower tha2. Wint 2m(1-v) E{\P(o’pH\P(O'ﬁ)’LW(Xl'yl)

The energyW:; ° of the interaction between a disclina-
tion dipole and structure 2 is calculated as the work spent to +W (%, V11— D)+ P (X.,V1—2P)}, (25)

the generation of the wall of split dislocation configurations
(Fig. 6) in the stress field of the disclination dipole. To do so,
first, let us divide the wall of split dislocation configurations
(each consisting of three partial dislocations, see Fignt® W(a b)=sian’+x tdt _
the three(upper, intermediate, and lowedislocation walls ' a cosht—cosb
each consisting of periodically arranged partial dislocations, Aeud ) _ o
elements of the split dislocation configurations. Then we cal- The energyWi, “" of the interaction between a disclina-
culate the work spent to the generation of each the dislocdion dipole and the virtual split dislocation configuration is
tion wall in the stress field created by the disclination dipole £ffectively calculated as the work spent to the generation of
In doing so, for the lower dislocation wall composed of par-this configuration in the stress fie[diven by formula(21)]

tial dislocations with coordinatei&=0, y=kh,), wherekis  Of the disclination dipole:

an integer, the work in question can be written as follows:

whereX,;=2mXx4/h,, y1=2my,/h,, p=2mp/h,, and

(26)

R
Wi 0= —bfo {oa,(X,y=0)+0,(X,y=p)
+ o
+ o0
WiAn?,i’Z:bk:Zx L Toy=khdx, (20 + o, (x,y=2p)}dx. 27)

From Eq.(27) and the equationg;=2ptan(/2) andy;
=2p=2acos/2) (Fig. 6), we find
wherecrﬁy(x,y)—the stress tensor component of the dipole

g;‘vgl]sgigr;ations located at point0,0) and (—X;,y;)—is e Gobp N R . cod(al2)
i = 6 InN=+IN—F—|.
" 2m(1=v) p 8/10—6 cosa
(28)
Gow Xy (X+x1)(Yy—VY1) In the framework of our model, the disclination strength

O-éy(xay): 27(1— ) | C+y2 (x+x1)2+(y—y 2| is related to geometric parameters of the defect structure as
! ! (21 follows: w~3b/(4a)=3b cos@/2)/(4p). From this equa-
tion, with formulas(4), (12), (16), (18), (19), (25), and(28)
substituted to Eq11), we find that the energy change asso-
With the sum=, ", [figuring on the rhs of formuld20)]  ciated with the transformation from structure 2 into the in-

substituted under the integral sign and calculated, we havetermediate structure 2-3 is given as
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(¢

cos —
2

1+21In

Gb? R 9
W2—3

~———{ —3Z,+3In——6 cothny—In(2 sinh +—
dm(1-v) 2 ro, [ 70 70— In( 70)] 4

R cog a/Z))
2p

@ a @ R cos(al?2)
+ sir? —In(4sin2 —) —3cos—| 6In—+In
2 2 2

p 8110—6 cosa

—4D(79,p) —2P(70,2p)

3h o
+ ﬁcosz[‘l’(ofﬁ) +W(0,2)+ ¥ (2p tan(/2),2p)+ ¥ (2p tan(a/2) ,T))]} +Wamt+Tac—2(p—2ro,) 7,
T

(29

where nozwrozlhz, P=2mp/h,, and functions®(7,,t) ing values of parameterg,~1, R=(10°-1F)b, r02~b,
and ¥(a,b) are given by formulagl?7) and (26), respec- «a=m/20,k=1/3,a~b, andp=12b. The results of our cal-
tively. culations indicate thatAW, 3(8)<0 in the range of
Now let us estimate the values ®¥,,,, I'y., and vy, 6(~B/h,) from 5.5° to 7.1°; see Fig. 7. According to these
figuring on the rhs of Eq(29). The difference of the energy results, the formation of walls of amorphous dislocation con-
density(per unit volume between the amorphous and crys- figurations is more energetically favorable than that of walls

talline phases is estimated as follows: of split dislocation configurations, if 556<7.1°. The nu-
merically calculated dependend&V,_;( ) has its minimum

G at ~7° (Fig. 7); that is, the formation of walls of amor-

Wam™ m (30 phous dislocation configurations is most favorable dat

~7°. This is in a satisfactory agreement with experiments
(see Ref. 23 and references thejeWith w,,, multiplied by  that show such walls to exist @t=7.5°.

S[=4p?tan(a/2)], the area of a trianglelike amorphous core
section, we findV,,—the dif_ference of the energy between IV. CONCLUDING REMARKS
the amorphous and crystalline phases—to be given as
In this paper theoretical models have been suggested de-
Gp?tan a/2) scribing transformations of low-angle tilt boundarigspre-
™ T301=1) (31  sented as walls of dislocation configuratipis high-T su-
perconductors. In the framework of the models suggested,
Following estimates of Ref. 1, the stacking fault enengy the conditions are theoretically revealed at which transforma-
~7GBI[324m(1-v)].! The surface energy of the interface tions of low-angle tilt boundaries are driven by a boundary
between the amorphous and crystalline phases is given &pergy release. So, it has been found that the transformation
I'./c= vacL, wherey, . denotes the surface energy densityof a wall of perfect dislocations into a wall of split disloca-
(per unit arep of the interface, and. the perimeter of the tion configurations is energetically favorable in the range of
amorphous dislocation configuration section. From Fig. 6 itooundary misorientatio from 0° to 7°; this is in agreement
follows that the perimetet =4p{csc@/2)+tan(/2)}. Ac- with experimental data.Also, according to our theoretical
cording to estimate§Ref. 24, the surface energy density is calculations(see Sec. Il the transformation of a wall of
given asy,.~kGa, wherea denotes the mean interatomic
distance in the amorphous phase, &mtie nondimensional AW.s
factor. As a corollary, we find
10

I'ye~4kGap{csd a/2) +tan a/2)}. (32

In metallic solidsk ranges from 0.06 to 0.1%.In supercon-
ducting cuprates the surface energy of an interface betwee
the isotropic amorphous phase and the highly anisotropic
crystalline phase can be larger than that in metallic solids, in
particular, due to the additional contribution caused by the 2
difference in anisotropy between the amorphous and crystal
line phases. That is, for highz superconductors, values kf ~ R
A . . 2 4 6 8 0 g

can be larger than those in metallic solids.

With the above estimates taken into account, the depen- F|G. 7. Energy differencdW,_5 via tilt boundary misorienta-
dence ofAW, 3 on tilt boundary misorientatio® was cal-  tion angled. The energy values are given in units @b%/[4m(1
culated with the help of formula®9)—(32), for the follow-  —v)].
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split dislocation configurations into a wall of amorphous dis-ductors(Fig. 1) are driven by relaxation of stress fiel¢s
location configurations is energetically favorable in the rangeaelease of the elastic energy densitffhe processes dis-
of 6 from 5.5° to 7.1°, in which case the corresponding re-cussed(Fig. 1) initiate changes in concentration fields and
lease of the energy reaches its maximum@at7°. Low-  electric charge distribution within and near grain boundaries.
angle tilt boundaries consisting of amorphous dislocatiorSo, ions of different chemical elements in polyatomic cu-
configurations have been experimentally observed at boungbrates exhibit different behaviors in response to stresses, in
ary misorientatiord~7.5°;! this is in satisfactory agreement which case their concentration fields evolve in different ways
with theoretical constructs suggested here. with stress field changes that accompany the formation of
The critical current density,. across low-angle tilt bound- split and amorphized dislocation$ig. 1). Therefore the
aries in highT. superconductors drastically decreases withtransformations of grain boundari€Big. 1) result in both
boundary misorientation angkin the range from 0° to ten- redistribution of chemical elements and corresponding
tatively 15°277 Current modefs1%%21" of the grain- changes of the electric charge density in vicinities of such
boundary effect on higi-, superconductivity are based on boundaries. In addition, the concentration fields and the elec-
the representation of low-angle tilt boundaries as walls ofric charge densities are different in the dislocation cores and
perfect dislocation§Fig. 1(a)]. However, in the light of both  the bulk phase. As a corollary, the transformations of grain
experimentsand theoretical analysis given in this paper, theboundary dislocation corg§ig. 1) result in both redistribu-
transformations of low-angle tilt boundariéSig. 1) should tion of chemical elements and corresponding changes of the
be definitely taken into consideration of the effects of grain-electric charge-density field within and near core regions of
boundary stress fields and core structures on figbuper-  low-angle tilt boundaries. A detailedlabor-consuming
conductivity. In  particular, the Ginzburg-Landau analysis of the self-consistent changes of the grain-boundary
formulation’"*? of the problem is worth being modified in the core structure, the stress fields, the stoichiometric inhomoge-
situation discussetlow-angle[100] tilt boundariegin order  neities and the electric charge density as well as their effects
to take into account contributions of split and amorphouson the critical current density, across grain boundaries in
dislocation configurationéFig. 1) to the transport properties high-T, superconductors is beyond the scope of this paper.
of low-angle tilt boundaries in highz superconductors. In any event, however, results of the models elaborated here
The Ginzburg-Landau-formalism-based description of thecan be effectively used as an input in further theoretical mod-
high-T. superconducting properties of grain boundaries usegling (in particular, the Ginzburg-Landau-formalism-based
stress fields, chemical concentration fields, and electridescription of the transport properties of experimentally
charge density in vicinities of grain boundaries as an inputobserved low-angle tilt boundaries consisting of split and
These fields modify the superconducting order parametermorphous dislocation configurations.
close to grain boundaries, cause the existence of hole deple-
tion layers near grain boundaries and suppress the critical
current densities, across grain boundariég?=%!8n gen-
eral, the stress fields, the concentration fields, the electric This work was supported, in paffor 1.A.O.), by the Of-
charge density, and the grain-boundary core structuréice of U.S. Naval ReseardiGrant No. N00014-99-1-0896
strongly influence each other. So, as it has been shown in thend the Russian Foundation of Basic Resedf@rant No.
paper, the processes of formation of split and amorphize88-02-1607%, and (for M.Yu.G. and I.A.O) by the Volk-
dislocations at low-angle tilt boundaries in high-supercon- swagen FoundatiofResearch Project No. 05019325
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