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Effects of misfit stresses on the structure and transport properties of grain boundaries
in high-Tc superconducting films
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A theoretical model is suggested that describes the effect of misfit stresses on the structure and the transport
properties of tilt boundaries in high-transition-temperature superconducting films. It is theoretically revealed
here that misfit stresses are capable of inducing structural transformations of tilt boundaries, which give rise to
local changes of grain-boundary misorientation and corresponding changes of the critical current density across
grain boundaries.
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I. INTRODUCTION

Polycrystalline high-transition-temperature (Tc) super-
conductors exhibit low values of the critical current dens
Jc compared to their single crystalline counterparts; see, e
Refs. 1–7. The dramatic suppression ofJc due to grain
boundaries is related to their role as Josephson layer
high-Tc superconductors, where nanoscale coherency le
is of the same order as grain-boundary thickness.
weak-link behavior of grain boundaries, on the one hand
undesired for high-current applications of high-Tc cuprates
and, on the other hand, forms a basis for use of polycrys
line thin-film cuprates in low-current microelectronics. In a
dition to technologically motivated interest in the grai
boundary effect onJc , physics of this effect is of high
importance for understanding the fundamentals of highTc

superconductivity.
The experimentally documented behavioral peculiarit

of grain boundaries in high-Tc cuprates, in particular, are a
follows.

~i! There is a dramatic discrepancy between the trans
properties of low- and high-angle boundaries; see, e.g., R
1–7. Thus,Jc across low-angle boundaries shows a sh
exponential drop with rising boundary misorientationu,
while the critical current density across high-angle bou
aries is weakly dependent onu and is lower by two or three
orders than the critical current density in the bulk phase.1–7

~ii ! The doping-induced enhancement ofJc has been de-
tected in Ca-doped YBaCuO films.8

~iii ! High-quality twist boundaries have been fabricated
BiSrCaCuO superconductors, which are characterized
boundary cores of zero thickness and exhibit the enhan
transport properties.9–11 Such boundaries carry critical cu
rent as high as their constituent single crystals.9–11

~iv! Grain-boundary structures undergo transformatio
that are capable of strongly influencing their transp
properties.12–15Thus, the splitting and amorphization of di
location cores composing low-angle boundaries in highTc
cuprates have been experimentally observed.12,13Amorphiza-
tion and chemical-composition inhomogeneities at hig
angle boundary cores have been detected in experim
see, e.g., Refs. 14 and 15.

~v! Spatial variations of the critical current have been d
0163-1829/2001/64~22!/224507~10!/$20.00 64 2245
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tected in BiSrCaCuO tapes; most of the supercurrent flo
through the thin layer of superconductor next to the silv
sheet~see Ref. 16 and references therein!.

Several theoretical models have been suggested des
ing the structural and behavioral features of grain bounda
in high-Tc superconductors. In particular, the following fa
tors have been considered as those responsible for the ef
of grain boundaries on high-Tc superconductivity:~a! stress
fields of grain-boundary dislocations and crystallograp
disorder within grain-boundary cores;17–19 ~b! deviations
from bulk stoichiometry in vicinities of grain
boundaries;20–22 ~c! the combined effects ofd symmetry of
the superconducting order parameter and the faceted m
structure of grain boundaries;23 ~d! electric-charge inhomo-
geneities ~band bending!.7,8,24–26 Nevertheless, the key
mechanism~s! of the Jc suppression at grain boundaries
high-Tc cuprates is~are! still the subject of controversy.

In any event, there are no doubts in the crucial influen
of the structure of grain boundaries on their transport pr
erties. In this context, a theoretical analysis of experim
tally detected5,7,12–15 structural transformations of grai
boundaries in high-Tc superconductors is of utmost interes
In Ref. 27 the splitting and amorphization of dislocatio
cores at low-angle boundaries in YBaCuO superconduc
have been naturally described as those induced by relaxa
of intrinsic stresses of such boundaries. At the same time
addition to intrinsic stresses of grain boundaries, dilatat
stresses are generated in films due to lattice-parameter
match and thermal-expansion mismatch between films
substrates. The dilatation misfit stresses in superconduc
thin-film cuprates ~as with conventional films28–30! can
strongly influence grain-boundary structures.~Also,
dilatation-misfit stresses, as it has been demonstrate
experiments31 with LaSrCuO superconducting films, are c
pable of essentially enhancing critical temperature in sin
crystalline films.! In Ref. 32, structural transformations o
low-angle tilt boundaries in thin-film cuprates due to mis
stresses have been briefly discussed. It has been theoret
revealed that misfit stresses are capable of decreasing
mean boundary misorientation and, as a corollary, enhan
the transport properties of tilt boundaries in thin-film c
prates, compared to bulk samples.32 The transformations of
the tilt-boundary structures under consideration effectiv
©2001 The American Physical Society07-1
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accommodate misfit stresses in polycrystalline films. Tha
the transformations in question effectively competes with
conventional mechanism for misfit-stress relaxation occ
ring via the formation of rows of misfit dislocations at inte
phase~film/substrate! boundaries.

In the model of Ref. 32, for the sake of simplicity, til
boundary structures have been assumed to be transfo
into tilt-boundary structures with misorientation paramet
being constant along boundary planes. However, in gene
the effect of misfit stresses on the grain-boundary structu
and their misorientation parameters is more complicated t
that briefly described in Ref. 32. Thus, following experime
tal data reported in Ref. 33, misorientation of grain boun
aries varies along boundary planes in polycrystalline film
This can be naturally associated with the action of mi
stresses on boundary dislocations. The main aim of this
per is to theoretically describe~a! variations of tilt-boundary
misorientation parameters~along boundary planes! due to
misfit stresses and~b! the influence of such spatial variation
on the critical current densityJc across tilt boundaries in
high-Tc superconducting films. Also, we will analyze th
conditions at which the misfit stress accommodation thro
the transformations of the tilt-boundary structures in po
crystalline films is more effective~energetically favorable!
than that through formation of ‘‘conventional’’ misfit dislo
cations.

II. BICRYSTALLINE FILM WITH A TILT BOUNDARY:
A MODEL

Let us consider a model film/substrate system consis
of a bicrystalline film of thicknessH and a semi-infinite sub
strate. The film and substrate are assumed to be isot
solids having the same values of the shear modulusG and
the same values of Poisson ration. The film/substrate bound
ary is characterized by the misfit parameter

f 5
2~af2as!

af1as
, ~1!

where as and af are the crystal lattice parameters of t
substrate and the film, respectively.

The film/substrate boundary creates misfit stresses oc
ring due to a misfit~geometric mismatch! between adjacen
crystalline lattices of the film and the substrate. The
stresses affect grain-boundary dislocations, either cau
them to move towards the film free surface@where disloca-
tions disappear; see Figs. 1~a! and 1~b!# or causing genera
tion of new dislocations and motion of the new and preex
tent dislocations towards the film/substrate boundary@Figs.
1~a! and 1~c!#, depending on geometric parameters of t
system.29,30,32The new dislocation configurations@Figs. 1~b!
and 1~c!# contribute to accommodation of the misfit stress
in which case their formation is driven by a release of
elastic energy. Previous works29,30,32have described the ef
fect in question as that resulting in a transformation of
structure of a grain-boundary in a spatially homogene
way. In other words, a structural transformation of a gr
boundary due to misfit stresses has been described as
associated with a spatially homogeneous change of the
22450
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FIG. 1. Transformations of tilt-boundary structure in bicrysta
line film due to the effect of misfit stresses. Tilt boundary tran
forms from its initial state~a! into final state with~b! low or ~c! high
density of inhomogeneously distributed dislocations. The final s
~b! is realized via climb of grain-boundary dislocations towards
film free surface where the dislocations disappear. The final stat~c!
results from the initial state via generation of new dislocations
the film free surface and climb of the new and preexistent gra
boundary dislocations towards the film/substrate boundary.
7-2
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EFFECTS OF MISFIT STRESSES ON THE STRUCTURE . . . PHYSICAL REVIEW B 64 224507
sity of grain boundary dislocations. The transformation
question gives rise to both a spatially homogeneous cha
of boundary misorientation and the generation of a discli
tion, a rotational defect. The disclination is located at
junction of the grain boundary and the interphase bound
and is characterized by disclination strengthv5u f2u i ,
with u f andu i being the boundary misorientation in final an
initial states of grain boundary, respectively.32 In general,
however, the influence of misfit stresses on spatial positi
of grain-boundary dislocations in a film varies along t
boundary; the effect is strong in the vicinity of the film
substrate boundary and becomes weaker as the distance
the film/substrate boundary increases@Figs. 1~b! and 1~c!#.
This is related to the fact that a contribution of a~misfit!
dislocation to relaxation of misfit stresses decreases, w
the distance between the dislocation and the film free sur
decreases; see, e.g., Refs. 34–36.

In this paper we will consider spatially inhomogeneo
distributions of dislocations at grain boundaries in films,
sulted from the effect of misfit stresses@Figs. 1~b! and 1~c!#.
In doing so, here we model, in the first approximation, a
grain boundary~perpendicular to the film/substrate boun
ary! in a film as that consisting ofN (N.1) fragments each
characterized by the densityr i of grain-boundary disloca
tions, wherei 51, . . . ,N and r iÞr j , if iÞ j ~see Fig. 2!.
The dislocation densityr i of the i th grain-boundary frag-
ment is unambiguously related to misorientation of the fr
ment.~In the case of low-angle boundaries consisting of
riodically arranged lattice dislocations, misorientationu of
the boundary is in the Frank relationship with parameters
the lattice dislocations.37 In the case of high-angle bound
aries, the density of grain-boundary dislocations relates
deviations of boundary misorientation from that of low
energy grain boundaries; for details, see Ref. 37.! Therefore,
various fragments of the grain boundary are characterize
various valuesu i of boundary misorientation. Junctions o
boundary fragments with various misorientation angles r
resent line cores of grain-boundary disclinations, rotatio
defects; see, e.g., Refs. 38 and 39. More precisely, a di
nation at the junction of tilt-boundary fragments with miso
entation anglesu i and u i 11, respectively, is the wedge dis
clination with strengthv i5u i 112u i .

Thus, in the framework of our model, a structural tran
formation of a tilt grain boundary due to misfit stresses in
bicrystalline film is described as that associated with a s
tially inhomogeneous change of the density of gra
boundary dislocations. The transformation in question gi
rise to formation ofN (N.1) boundary fragments separate
by N grain-boundary disclinations~Fig. 2!. For the sake of
simplicity, boundary fragments are assumed to be of
same lengthH/N, in which case grain-boundary disclina
tions are arranged periodically~Fig. 2!. Also, in the follow-
ing we consider only the elastic-energy contribution to
total energy of the superconducting film with a tilt bounda
in which case we neglect the contribution associated with
spatial dependence of the superconducting order param
This assumption is based on the fact that diffusion-media
structural transformations~in particular, the transformation
described in this paper! commonly occur in as-deposite
22450
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films during some relaxation time interval at relatively hig
temperatures. At the same time, the superconducting sta
realized in a cuprate film at low temperatures at which
diffusion is suppressed and, therefore, the film structure~re-
sulted from the transformations occurring at high tempe
tures! is frozen. In these circumstances, the energy that c
acterizes the superconducting state of the film does not a
the frozen grain-boundary structure in the cuprate film. W
this taken into account, in our further analysis of t
diffusion-mediated transformations of grain-boundary str
tures in the film, we will neglect the contribution of th
superconducting-state energy to the total energy of the fi

III. ELASTIC-ENERGY DENSITY
OF TILT BOUNDARIES WITH SPATIALLY
INHOMOGENEOUS MISORIENTATIONS

Let us find valuesv i ( i 51, . . . ,N) of the disclination
strengths that correspond to equilibrium of the disclinat
ensemble at a grain boundary with spatially inhomogene
misorientation~Fig. 2!, that is, to the minimum of the energ
density that characterizes grain-boundary disclinations as
fects compensating for, in part, misfit stresses generate
the film/substrate boundary. To do so, let us compare e
getic characteristics of two physical states, namely, the in
state of the tilt boundary~with spatially homogeneous mis
orientation! that does not contribute to relaxation of mis
stresses@Fig. 1~a!#, and the final state of the tilt boundar
~with spatially inhomogeneous misorientation! that contains
disclinations contributing to relaxation of misfit stresses~Fig.
2!. The differenceDW between the energy densities~ener-
gies per unit length of disclinations in the final state! Wf and
Wi of the tilt boundary in, respectively, final and initial stat
consists of three basic terms,

DW5WD1WD2D1WD2 f . ~2!

HereWD denotes the sum proper energy density of discli
tions,WD2D is the energy density that characterizes inter
tion between disclinations, andWD2 f is the energy density
that characterizes interaction between disclinations and m
fit stresses.@Contributions to DW, associated with the
screened stress fields of dislocations composing each bo
ary fragment are not taken into account in formula~2!, be-
cause such contributions are essentially small compare
contributions,WD, WD2D, andWD2 f , associated with long-
range stress fields of disclinations.#

According to the theory of disclinations,40 the proper en-
ergy densityWi

D of the i th disclination specified by strengt
v i and distant bydi from the film free surface is given as

Wi
D5

Dv i
2di

2

2
, ~3!

whereD5G/@2p(12n)#. With disclinations numerated by
i 51, . . . ,N ~where i 51 and i 5N correspond to disclina-
tions nearest to the film/substrate boundary and the film
surface, respectively!, distancedi figuring on the right-hand
side of formula~3! can be written as follows:
7-3



in

-
d

f

rgy
a

s:

e

e.
een

er-

-

l

a

S. V. BOBYLEV, I. A. OVID’KO, AND A. G. SHEINERMAN PHYSICAL REVIEW B 64 224507
di5
iH

N
, i 51,2, . . . ,N, ~4!

whereH denotes the film thickness andN is the number of
disclinations. From Eqs.~3! and ~4! we get

WD5
DH2

2N2 (
i 51

N

i 2v i
2 . ~5!

In accordance with the theory of disclinations,40 the en-
ergy density that characterizes interaction between discl
tions in its general form is given as

WD2D5
1

2 (
i 51

N

(
k51
kÞ i

N

Wik
D2D , ~6!

where the energy densityWik
D2D characterizes interaction be

tween thei th andkth disclinations. In the situation discusse
~Fig. 2!, the energy densityWik

D2D can be written as
follows:40

Wik
D2D5Dv ivkFdidk1

~di2dk!
2

2
lnUdi2dk

di1dk
UG . ~7!

With Eq. ~7! substituted into Eq.~6! and formula~4! taken
into account, we find the following formula forWD2D:

WD2D5
DH2

2N2 (
i 51

N

(
k51
kÞ i

N F ik1
~ i 2k!2

2
lnU i 2k

i 1kUGv ivk . ~8!

FIG. 2. Tilt boundary in thin film consists ofN fragments with
misorientationsu i ( i 51, . . . ,N). Wedge disclinations~triangles!
are located at junctions of tilt-boundary fragments with various v
ues of misorientation.
22450
a-

The energy densityWi
D2 f that characterizes interaction o

the misfit stressess f54pD(11n) and thei th disclination
~with strengthv i) distant bydi from the film free surface is
given as41

Wi
D2 f5v iE

di

0

xs fdx524pD~11n! f
v idi

2

2
. ~9!

From formula ~9! we find the total energy densityWD2 f

5( i 51
N Wi

D2 f to be as follows:

WD2 f522pD~11n! f
H2

N2 (
i 51

N

i 2v i . ~10!

From expressions~5!, ~8!, and ~10! we have the following
formula for the characteristic difference between the ene
densities of final and initial states of the tilt boundary in
film,

DW5
DH2

2N2 H (
i 51

N F (k51
kÞ i

N H ik1
~ i 2k!2

2
lnU i 2k

i 1kUJ v ivk1 i 2v i
2G

24p~11n! f (
i 51

N

i 2v iJ . ~11!

In order to find minimum of functionDW, one should
differentiate this function with respect tov j ~at fixed j ). In
doing so, we get the following system of equation
](DW)/]v j50, wherej 51,2, . . . ,N. This system of equa-
tions, with formula~11! taken into consideration, gives ris
to equations

2(
k51
kÞ j

N F jk1
~ j 2k!2

2
lnU j 2k

j 1kUGak12 j 2a j5 j 2,

j 51,2, . . . ,N, ~12!

where

ak5
vk

4p~11n! f
. ~13!

Equations~12! are self-consistent in the following sens
They compose the complete set of the relationships betw
independent variablesak @or vk , see formula~13!#, which
allows one to find the set of values ofak ~or vk), which
corresponds to minimum of the characteristic energy diff
enceDW.

Values ofak are in the following relationships with mis
orientationsu i that characterize tilt-boundary fragments~Fig.
2!: u i5u81Du i , where

Du i54p~11n! f(
k5 i

N

ak , i 51,2, . . . ,N. ~14!

Hereu8 is the misorientation of the tilt boundary in its initia
state@Fig. 1~a!#.

l-
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EFFECTS OF MISFIT STRESSES ON THE STRUCTURE . . . PHYSICAL REVIEW B 64 224507
Dependences ofDu i ~that characterize misfit-stress
induced deviations of tilt-boundary misorientation from
initial value u8) on boundary coordinatex can be numeri-
cally calculated in accordance with formulas~12!–~14! at
given values of the characteristic parameters.@The computer
calculation algorithm automatically provides the afored
cussed self-consistency of Eqs.~12!.# For illustration, the
numerically calculated dependencesDu i(x), for N55 and
510, are shown in Fig. 3. In doing so, functionsDu(x)
shown in Fig. 3 are presented as those resulted from
corresponding linear spline interpolation. From Fig. 3 it fo
lows that the deviation functionsDu(x) have their maxi-
mums in vicinity of the film/substrate boundary and decre
as the distance from the film free surface decreases.

Now let us consider the sign ofDW. With solutions of
system~12! substituted into formula~11!, we directly find
that, for anyN, the characteristic differenceDW between the
energy densities of final and initial states of the tilt bound
is negative and decreases with risingN. As a corollary, the
final state of the tilt boundary characterized by spatially
homogeneous misorientation~see, e.g., Figs. 1~b!, 1~c!, and
2! is energetically favorable.

IV. DISCLINATION AND DISLOCATION MECHANISMS
FOR MISFIT STRESS ACCOMMODATION

IN POLYCRYSTALLINE FILMS

According to theoretical estimates given in the preced
section, the formation of disclinations~associated with spa
tially inhomogeneous boundary misorientation; see Figs
and 2! at tilt boundaries is energetically favorable compar
to the coherent state of a polycrystalline film/substrate co
posite. In these circumstances, the formation of disclinati
is capable of causing effective relaxation of misfit stresse
high-Tc superconducting films and competing with the co
ventional misfit-stress relaxation through the formation
misfit dislocations at film/substrate interfaces. This statem
is directly and indirectly supported by experiments42–45with
polycrystalline films. Thus, Refs. 42–44 have reported
experimental observation of misfit disclinations at junctio
of grain and twin boundaries in Ge films on Si substrat

FIG. 3. Dependence ofDu on x/H for N55 ~curve 1! and N
510 ~solid curve 2!.
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Misfit disclination dipoles and quadropole configuratio
have been experimentally observed in epitaxial rhombo
dral ferroelectric films.45 A theoretical description of such
misfit disclination configurations in ferroelectric films ha
been done in Ref. 46.

The role of grain-boundary disclinations as misfit defe
is expected to be very effective in nanocrystalline films a
coatings29,30 where the volume fraction of the grain
boundary phase is extremely large. This is indirectly su
ported by data of experiments dealing with measurement
residual stresses in nanocrystalline films and coatings. So
noted in Ref. 47, residual stresses, are low in nanocrysta
cermet coatings, resulting in a capability for producing ve
thick coatings. So, nanocrystalline coatings were fabrica
up to 0.65 cm thick and could probably be made with ar
trary thickness.47 At the same time, in a conventional poly
crystalline cermet coating, stress buildup limits coati
thickness to typically 500–800mm. This is naturally ex-
plained as the fact caused by the action of a misfit-stre
relaxation micromechanism~in our model, the formation of
grain-boundary misfit disclinations!, which is strongly re-
lated to the existence of high-density ensembles of gr
boundaries in nanocrystalline films, and is different from a
more effective than the conventional relaxation of mis
stresses through the formation of misfit dislocations at fi
substrate interface.

The relaxation of misfit stresses through the formation
conventional misfit dislocations in high-Tc superconducting
films is possible only for small misfit-parameter values, su
as in the case of YBaCuO film growth on LaAlO3 or SrTiO3;
see Ref. 48. Even in these cases, one frequently obse
low-angle grain boundaries. When the misfit paramete
much larger, as in the case of YBaCuO film growth on Mg
or ZrO2, the high-Tc superconducting films are no longe
single crystalline; grain boundaries are formed in su
films.48 These experimental data indicate that the format
of grain boundaries accompanies growth of high-Tc super-
conducting films on substrates, for large misfit-parame
values, in which case grain boundaries are capable of cau
more effective relaxation of misfit stresses than conventio
misfit dislocations.

In context of this paper, with the experimental data co
sidered in Refs. 42–45, 47, and 48, it is interesting to rev
the conditions at which the disclination mechanism
misfit-stress accommodation is more effective than the di
cation mechanism related to the formation of conventio
misfit dislocations at film/substrate interfaces. To do so,
the rest of this section, we will analyze and compare en
getic characteristics of the formation of grain-boundary d
clinations and that of conventional misfit dislocations
polycrystalline films deposited onto crystalline substrates

The film/substrate system commonly ‘‘chooses’’ eith
disclination @Figs. 1~b!, 1~c!, and 2# or dislocation mecha-
nism for misfit-stress accommodation at low values of
film thickness when the coherent state becomes energeti
unfavorable. In these circumstances, we focus our consi
ation on the cases with one~‘‘first’’ ! misfit disclination@Fig.
4~a!# and one~‘‘first’’ ! conventional misfit dislocation@Fig.
4~b!# located at the film/substrate interface. LetDWv be the
7-5
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difference of the energy density between the state with
misfit grain-boundary disclination and the coherent~misfit-
defect-free! state of the film/substrate system. That is,DWv

5DWuN51. Let DWd be the difference of the energy densi
between the state with one conventional misfit dislocat
and the coherent state of the film/substrate system. In
situation discussed, the conditionDWv,DWd is the crite-
rion for the formation of misfit grain-boundary disclination
to be more energetically favorable than that of conventio
misfit dislocations.

From formula~10! we find the following expression fo
DWv(5DWuN51):

DWv5
DH2

2
@v224p~11n! f v#. ~15!

The disclination strengthv given by the condition
(]DWv/]v50) of minimum of DWv is as follows: v
52p(11n) f . In this situation, the minimal valueDWmin

v

5DWv@v52p(11n) f # of the energy density differenc
DWv is given as

DWmin
v 522DH2p2~11n!2f 2. ~16!

The differenceDWd of the energy density between th
state with one misfit dislocation@Fig. 4~b!# and the coheren
state consists of the following three terms: the proper ela
energy of the misfit dislocation, the energy that character
the interaction between the misfit dislocation and mi
stresses, and the energy density of the dislocation core.
lowing Ref. 49, the energy densityDWd is given as

DWd5
Db2

2 H ln
2H

b
1

1

2
28p~11n! f

H

b J . ~17!

With formulas ~16! and ~17!, the condition
DWmin

v 5DWd leads to the following equation for the film
thicknessH:

t224t1 ln
2H

b
1

1

2
50, ~18!

FIG. 4. Generation of~a! one misfit disclination at junction o
grain and interphase boundaries, and~b! one~‘‘first’’ ! conventional
misfit dislocation at interphase boundary.
22450
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wheret52p(11n) f H/b. This equation does not have an
solution for H.(b/2)exp(7/2)'17b. In this case (H
.17b), DWmin

v ,DWd at any value of misfit parameterf. If
H,17b, we haveDWmin

v ,DWd at either f , f 1 or f . f 2,
where

f 1,25

27A7

2
2 ln

2H

b

2p~11n!H/b
. ~19!

Dependences off 1 and f 2 on the film thicknessH/b,
given by formula~19! in the case withn50.3, are shown in
Fig. 5. As it follows from formulas~18! and ~19! as well as
Fig. 5, DWmin

v ,DWd in wide ranges of values of both th
misfit parameterf and the film thicknessH. In particular, the
formation of misfit disclinations is energetically favorab
(DWmin

v ,DWd) at the beginning of deposition of films~at
H5b, which corresponds to one-atom-layered film! if the
misfit parameterf ,0.02.

Thus, according to our theoretical estimations given
this section, the formation of misfit disclination at gra
boundaries@Figs. 1~b!, 1~c!, 2, and 4~a!# in thin polycrystal-
line films is more energetically favorable than that of co
ventional misfit dislocations@Fig. 4~b!# in wide ranges of
parameters~film thickness, misfit parameter! that character-
ize polycrystalline film/substrate systems. This statemen
directly and indirectly supported by data of experiments c
sidered in Refs. 42–45, 47, and 48, which deal with obs
vation of misfit disclinations and/or predominant formatio
of grain boundaries over conventional misfit dislocations
solid films. Formula~18! predicts the formation of grain
boundaries with intrinsic misfit disclinations to be more e
ergetically favorable than that of conventional misfit disloc
tions in films with the thicknessH.17b at any value of the
misfit parameter. This is an agreement with the experim
tally documented fact~see Ref. 48 and references there!
that the grained structure with mixed,c- and a-axis, grain
orientations as well asa/c grain boundaries tends to be in
tensively formed in YBaCuO films with rising film thickness
At the same time, growth ofc-axis films with the dominant
single crystalline structure occurs at low values of the fi
thickness.48

Our analysis of the disclination@Fig. 4~a!# and dislocation
@Fig. 4~b!# mechanisms for misfit-stress accommodation h

FIG. 5. Dependences of critical misfit parametersf 1 and f 2 on
film thicknessH/b.
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been based on comparison of the energetic characteris
DWmin

v andDWd, that describe polycrystalline films growin
at weakly nonequilibrium conditions. Real films are oft
fabricated at highly nonequilibrium conditions, in which ca
kinetic factors are capable of essentially influencing their
fect structure. In particular, both misfit disclinations at gra
boundaries and conventional misfit dislocations can co-ex
as it has been observed in experiments.43 A detailed theoret-
ical analysis of all the structural and behavioral peculiarit
of polycrystalline films with misfit disclinations and disloca
tions is beyond the scope of this paper. In this section we
have demonstrated that the formation of misfit disclinatio
at grain boundaries as a mechanism for misfit-stress acc
modation in polycrystalline films can effectively compe
with the formation of conventional misfit dislocations. Th
following section deals with a theoretical examination of t
influence of tilt boundary transformations associated with
formation of misfit disclinations on the transport propert
of high-Tc superconducting polycrystalline films.

V. CRITICAL CURRENT DENSITY ACROSS TILT
BOUNDARIES WITH SPATIALLY INHOMOGENEOUS

MISORIENTATIONS

Let us estimate changes of the transport properties o
boundaries due to the misfit-stress-induced transformat
of their structures~Fig. 1!. For the exemplary case of@001#-
tilt boundaries in YBaCuO superconductors at a tempera
T54.2 K, the dependence of the critical current densityJc
across boundaries on tilt misorientationu can be written as
follows:3,50

Jc5J0 expF2
u

u0
G , ~20!

where u'6.3° and J0'23107 A/cm2 for typical critical
densities in the bulk phase. With formula~20! taken into
consideration, we find the critical density across a tilt bou
ary with a spatially inhomogeneous misorientation~Fig. 2! to
be given as

Jc5
J0

N (
i 51

N

expF2
u81Du i

u0
G . ~21!

@From formulas~14!, ~20!, and ~21! we find the following
dependence of ratioJc / J̃c on misfit parameterf:

Jc / J̃c5
1

N (
i 51

N

expF 2

4p~11n! f(
k5 i

N

ak

u0

G , ~22!

where J̃c5J0 exp@2u8/u0# is the critical current density
across a tilt boundary in its initial state@Fig. 1~a!# with the
spatially homogeneous misorientationu8. This ratio charac-
terizes changes of the transport properties of tilt bounda
due to misfit-stress-induced transformations of bound
structures~Fig. 1!.

For illustration, we have calculated with the help of fo
mula ~22! the dependences ofJc / J̃c on misfit parameterf, in
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the cases ofu8515° @Fig. 6~a!# and53° @Fig. 6~b!#, for n
50.3 andN53, 5, 10, 25, and 50 The dependences~Fig. 6!
indicate that misfit stresses are capable of strongly affec
~increasing or decreasing! values of the critical current den
sity Jc across tilt boundaries in YBaCuO superconducti
films. In doing so, the numberN of tilt boundary fragments
with various misorientations weakly influences values
Jc / J̃c in wide ranges of the misfit parameter. In fact, all t
curves in Fig. 6~b! ~for u853°) are very similar, in which
case it is difficult to graphically distinguish them.

In calculation of the dependences ofJc / J̃c on u ~Fig. 6!,
we have taken into account the following. Tilt boundari
with misorientation anglesu853° and 15° are low-angle tilt
boundaries consisting of lattice dislocations. In these circu
stances, their structural transformations~Fig. 1! ~induced by
misfit stresses! occur via either generation or disappearan
of lattice dislocations and rearrangements of dislocation
sembles along boundary planes. Such structural transfor
tions do not remove the tilt boundaries with misorientati
anglesu853° and 15° from the class of low-angle boun
aries, which is specified by misorientation ranging from
to tentatively 15°. With this taken into account, the min
mum and maximum values of local misorientationu81u i
( i 51, . . .,10) of fragments of grain boundaries, result

FIG. 6. Dependences of ratioJc / J̃c on misorientationu, for tilt
boundary with initial misorientation~a! u8515° and~b! u853°,
for N53, 5, 10, 25, and 50~see text!.
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from misfit-stress-induced transformations@Figs. 1~b!, 1~c!,
and 2#, are supposed to be 0° and 15°, respectively. M
precisely, if the sumu81u i , which specifies thei th bound-
ary fragment and corresponds to the minimum ofDW given
by formula ~11! is higher than 15°~lower than0°), it is
supposed to be equal to 15°(0°, respectively!.

It is important to note that the action of misfit stresses
general, leads to theJc enhancement. This occurs owing
the highly nonlinear character of dependence~20! of Jc on
tilt-boundary misorientationu. More precisely, an increas
of Jc due to misfit-stress-induced decrease ofu by value of
Du is higher than a decrease ofJc due to misfit-stress-
induced increase ofu by the same value ofDu. That is,

Jc~u2Du!/Jc~u1Du!5 expS 2Du

u0
D.1. ~23!

Relationship~23! quantitatively reflects the fact that, in gen
eral, misfit stresses lead to theJc enhancement.

The effect of misfit stresses is strong in vicinity of th
film/substrate boundary and decreases with approaching
film free surface~see Fig. 3!. Therefore, with relationship
~23! taken into account, our model predicts a high~moderate,
respectively! enhancement ofJc near the film/substrate
boundary ~the film free surface, respectively!. This is in
agreement with experimental data16 indicating that most of
the supercurrent in BiSrCaCuO tapes flows through the
layer next to the interphase~BiSrCaCuO/silver! boundary.

VI. DISCUSSION AND CONCLUDING REMARKS

In this paper a theoretical model has been suggested
scribing misfit-stress-induced transformations of bounda
dislocation structures at tilt boundaries in high-Tc supercon-
ducting films. In the framework of the model suggeste
boundary dislocations at tilt boundaries in films are re
ranged~Fig. 1!, in which case the new dislocation config
rations effectively contribute to accommodation of mis
stresses. The rearrangements of grain-boundary disloca
are driven by a release of the elastic-energy density of
film and give rise to changes of tilt-boundary misorientatio
In doing so, the influence of misfit stresses on spatial p
tions of grain-boundary dislocations in the film varies alo
the boundary. The effect is strong in vicinity of the film
substrate boundary and becomes weaker as the distance
the film/substrate boundary increases. As a corollary, dis
bution of grain-boundary dislocations and boundary miso
entation vary along the grain boundary~see Figs. 1~b!, 1~c!,
and 2!.

The structure of tilt boundaries, resulted from misfi
stress-induced transformations~Fig. 1!, causes the propertie
of such boundaries to be different from those in the c
where misfit stresses are absent. In particular, misfit stre
can strongly influence the structure-dependent trans
properties of grain boundaries in high-Tc superconducting
films. Here we have considered the effect of misfit stres
on the critical current densityJc across tilt boundaries in th
case of low-angle boundaries in YBaCuO films. In particu
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it has been demonstrated that misfit-stress-induced tran
mations of tilt boundaries@Fig. 1~b!# are capable of causing
essential enhancement ofJc in polycrystalline high-Tc cu-
prate films. The most significant enhancement ofJc is pre-
dicted to occur near the film/substrate boundary. This is
agreement with experimental data16 indicating that most of
the supercurrent in BiSrCaCuO tapes flows through the
layer next to the interphase~BiSrCaCuO/silver! boundary.

The misfit-stress-driven transformations of tilt-bounda
structures~Fig. 1! require grain-boundary dislocations t
climb towards the film free surface or the film/substra
boundary, in which case the dislocations should overco
some energetic barriers related to emission or absorptio
point defects at the dislocations cores.51 Pressure and therma
treatment are capable of enhancing the climbing of dislo
tions and, therefore, according to our model, increasingJc .
In this context, recent experimental data52 on a significant
enhancement ofJc by hot pressing in Bi-2223/Ag multifila-
mentary tapes can indicate in favor of the model suggeste
this paper.

Current models17–26of the grain-boundary effect on high
Tc superconductivity are based on the representation of l
angle tilt boundaries as periodic walls of perfect dislocatio
@Fig. 1~a!#. However, in the light of both experiments12–15,33

and theoretical analysis given in this paper, the transform
tions of low-angle tilt boundaries~Fig. 1! should be defi-
nitely taken into consideration of the effects of grai
boundary strain fields and core structures on highTc
superconductivity in thin films. In particular, the Ginzbur
Landau formulation19,22of the problem is worth being modi
fied in the situation discussed~tilt boundaries in high-Tc su-
perconducting films! in order to take into account the misfi
stress-induced structural transformations of low-angle
boundaries in high-Tc superconductors.

Actually, grain-boundary disclinations~Fig. 2! generated
due to the effects of misfit stresses induce spatially inhom
geneous strain fieldse ik that are screened at length scal
essentially exceeding those of dislocations at period
dislocation walls. So, the strain fields of thei th disclination
distant bydi from the film free surface is characterized b
the screening length'di . In particular, the screening lengt
of strain fields generated by a disclination located at the fi
substrate interface is close to the film thicknessH. At the
same time, strain fields of dislocations at periodically
ranged dislocation walls are screened at length scales c
to the dislocation wall period, which commonly!H. In
these circumstances, long-range effects of grain bounda
associated with long-range strain fields of the disclinatio
should be taken into account in the framework of t
Ginzburg-Landau description of the transport properties
grain boundaries in cuprates. For instance, these effects
worth being taken into consideration in the Ginzburg-Land
approach19 operating with the strain-induced shift of critica
temperatureTc5Tc02Cike ik , where Cik is the tensor de-
scribing sensitivity ofTc to strains. Long-range strains o
grain-boundary disclinations are capable of essentially mo
fying results19 describing the high-Tc superconducting prop
erties of low-angle boundaries as those associated with sh
range strain fields of periodic-dislocation walls. Also, t
7-8
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long-range effects in question are worth being taken i
account in the Ginzburg-Landau description22 of the trans-
port properties of grain boundaries, operating with the s
pression of the superconducting order parameter due to
hole-depletion zones in the vicinity of grain boundaries.
doing so, long-range strain fields of grain-boundary discli
tions are important, because they are capable of influen
the oxygen concentration in cuprates26 and, therefore, the
hole concentration near boundaries, which plays the role
the key characteristics of grain boundaries in the framew
of the approach.22 A detailed cumbersome analysis of th
long-range effects discussed is beyond the scope of this
y
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per, the results of which can be used as input in such ana
in the future.
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