INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 13 (2001) L97-L103 www.iop.org/Journals/cm  PII: S0953-8984(01)17770-2

LETTER TO THE EDITOR

Effects of misfit stresses on high-T superconductivity
in thin-film cuprates

I A Ovid’ko

Institute of Problems of Mechanical Engineering, Russian Academy of Sciences, Bolshoj 61,
Vasilyevsky Ostrov, St Petersburg 199178, Russia

E-mail: ovidko@def.ipme.ru

Received 5 October 2000, in final form 20 November 2000

Abstract

Effects of misfit stresses on the high-transition-temperature superconducting
properties of thin-film cuprates are predicted and theoretically examined. A
substantial enhancement of the critical transition temperature is predicted for
YBa,;Cu307_, and Bi,Sr,CaCu, O, superconducting films, which is induced by
misfit stresses generated at interphase boundaries with special crystallography
and large misfit. The influence of misfit stresses on the structure and the
transport properties of low-angle tilt boundaries in superconducting thin-film
cuprates is theoretically analysed.

1. Introduction

The high-transition-temperature (7¢) superconducting properties of cuprates are strongly
influenced by mechanical stresses. Experiments [1, 2] have shown a substantial increase of 7¢
under external-load-induced hydrostatic pressure, from several degrees for Bi,Sr,CaCu, O, to
about 20 K for HgBa,Ca,;Cu30g,, superconductors. The experimentally observed drastic
reduction of the critical current density J. across grain boundaries (see, e.g., [3—6]) and
structural transformations of grain boundaries [7] can be effectively treated as occurring due
to stress fields induced by grain boundary dislocations [8—12]. In general, stresses created by
grain boundary and lattice dislocations are also capable of causing enhancement of high-T¢
superconductivity in the vicinities of dislocations [13].

In thin-film superconductors there are internal stress-field sources which are different
from grain boundaries and lattice dislocations. In particular, such sources include interphase
(film/substrate) boundaries that induce misfit stresses due to mismatch between crystal lattice
parameters of films and substrates. Misfit stresses are well known to affect both the structure and
the behaviour of conventional (non-superconducting) films; see, e.g., [14-21]. Also, recently,
the doubling of the critical temperature 7¢ in LaSrCuO superconducting thin films due to
compressive misfit stresses has been reported [22]. This leads us to think that misfit stresses
created by interphase boundaries are capable of strongly affecting the high-7¢ superconducting
properties of thin-film cuprates. The main aim of this letter is to predict and theoretically
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examine (in the first approximation) the following two effects of misfit stresses on high-T¢
superconductivity in thin-film cuprates: increase of T¢ in YBa,Cu3O7_, and Bi,Sr,CaCu, O,
thin films due to misfit stresses; and increase of J. across low-angle tilt boundaries due to
misfit-stress-induced structural changes of such boundaries.

2. The enhancement of the transition temperature 7 for superconducting
YBa,Cu307_, and Bi,Sr,CaCu,0,, thin films due to misfit stresses

The experimentally observed sensitivity of T¢ to dilatation stresses in optimally doped
YBa,Cuz07_, single crystals is characterized by the pressure derivatives dT¢/dp, =
—1.9-2KGPa~!,dT¢/dp, = 1.9-22KGPa~!and dT¢/dp. = —0-0.3 K GPa~! [23], where
the subscript of p; denotes the crystallographic axis. The characteristic values of the pressure
derivatives of Bi,Sr,CaCu,O, single crystals are as follows: d7¢/dp, = 1.6 K GPa™!,
dTc/dp, = 2 K GPa~! and dT¢/dp. = —2.8 K GPa™! (see the experimental data in [24]).
In view of these values of d7¢/dp;, we think that coherent interphase boundaries induce
in-plane misfit stresses that are capable of effectively enhancing T¢ for single-crystalline
superconducting YBa,Cu3;O;_, and Bi,Sr,CaCu,0, films. More precisely, 7¢-enhancement
is expected in YBa,Cu3O;_, films due to misfit stresses created by coherent interphase
boundaries with (a, ¢) and (b, c) crystallographic planes, which are characterized by the sets
of pressure derivatives (dT¢/dp, = —1.9-2 K GPa~!, dT¢/dp. = —0-0.3 K GPa!) and
dT¢/dp, = 1922 K GPa™!, dT¢/dp, = —0-0.3 K GPa™ 1), respectively. Also, T¢-
enhancement can effectively occur in Bi;Sr,CaCu,0, superconducting films due to misfit
stresses generated at the interphase boundary with the (a, b) plane, in which case the sensitivity
of T¢ to the stresses is specified by the set of pressure derivatives (d7¢/dp, = 1.6 K GPa™!,
dT¢/dp, =2K GPa‘l).

Let us consider the dependence of the misfit-stress-induced change AT¢ of the transition
temperature on the misfit parameters of superconducting film/substrate systems. Let f,, f, and
f¢ be the misfit parameters defined, according to the theory of interphase boundaries [14, 15],
as follows:

a, —a a,—b a. —c

Ja= fo = fe= ey

ag ap dc

where a, b and c are the crystal lattice parameters of a superconducting film along the
crystallographic a-, b- and c-axes, respectively, and a,, a, and a. are the crystal lattice
parameters of a substrate along the crystallographic a-, b- and c-axes, respectively. For a
coherent interphase boundary (between a thin film and a thick substrate) in the (i, k) plane
(where i,k = a, b, c and i # k), the non-zero components of the misfit stress tensor in the
film are given as [14]

oii = —E(fi+vf)/(1=v)  ow=—E(fi+vf)/(1 —v?) ©)
where E denotes Young modulus and v the Poisson ratio. In the situation discussed, o;; = p;
and oy, = pi. As a corollary, we find that the change (AT¢);  of the transition temperature
of the superconducting film due to misfit stresses generated at the interphase boundary with
the (7, k) plane depends on the misfit parameters f; and f; as follows:

E(fi +vfi) E(fi+vf)
———— — ([dT¢/dpr) —————.
1) (dTc/dpi) )

With the misfit parameters f,, f, and f, assumed to be identical (f, = f, = f. = f), the
dependences of (AT¢); « on f, given by formula (3), are presented in figure 1 for the following
cases: (AT¢),,p for the superconducting Bi; SrpCaCu, Oy film (line 1 in figure 1); (AT¢),,c and

(ATe)ix = —(dT¢/dp;) 3)
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Figure 1. Dependences of AT¢ on the misfit parameter f, for Bi;Sr;CaCuy0, film with the
interphase boundary in the (a, b) plane (line 1) and YBa;Cuz O7_, films with interphase boundaries
in the (a, ¢) plane (dashed line 2) and the (b, c¢) plane (solid line 3).

(AT¢)p, for the superconducting YBa,Cu3zO_, film (lines 2 and 3, respectively, in figure 1).
(In the calculation of the dependences shown in figure 1 we have used values of E and v
given by experiments: £ = 81 GPa and v &~ 0.44 for Bi,Sr,CaCu,0O, superconductors [25];
E =~ 148 GPa and v ~ 0.255 for YBa,Cu3;O;_, superconductors [26].) The dependences
(figure 1) indicate that the misfit stresses are capable of causing a substantial increase of the
transition temperature 7¢ for Bi;Sr,CaCu,0, and YBa,;CuzO7_,, superconducting films with
coherent interphase boundaries.

It should be noted that the above-discussed effect of misfit stresses occurs most effectively
if the cuprate film thickness is optimum. This thickness is a compromise between the generation
of misfit dislocations (that compensate, in part, for misfit stresses [14—19, 21]) and minimizing
the T¢-reduction observed [27] for ultrathin films. To exhibit a substantial enhancement of T, a
thin-film cuprate should be characterized by the optimum thickness, large misfit parameters and
a special crystallography of the interphase boundary. These are rather restrictive conditions for
real film/substrate systems. In particular, as misfit parameters grow, the critical film thickness
h. (at which generation of misfit dislocations is energetically favourable) decreases [14—16].
Also, the deposition of cuprate films onto substrate materials in the case of large misfitrequires a
previous coating with an adequate buffer layer which provides for epitaxial growth by reducing
the lattice mismatch between substrate and film [28]. The above can explain the fact that,
to the author’s knowledge, up to now, T¢-enhancement due to misfit stresses has not been
experimentally detected for YBaCuO and BiSrCaCuO films.

3. The effect of misfit stresses on the structure and transport properties of low-angle tilt
boundaries in polycrystalline superconducting films

As shown by [21, 29, 30], grain boundary dislocations in polycrystalline films can play arole as
misfit defects compensating, in part, for misfit stresses generated at interphase boundaries. In
doing so, misfit stresses influence the grain boundary structures which, therefore, are different
from those in bulk materials. Let us consider this effect of misfit stresses for the example
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of a low-angle tilt boundary composed of lattice dislocations of the edge type. Let the grain
boundary dislocations be parallel with the interphase boundary plane and be periodically
arranged in some initial state of the as-synthesized polycrystalline film (figure 2(a)); the
dislocations provide misorientation of the adjacent grains of the film and do not contribute
to the relaxation of the misfit stresses. In particular, this means that the misorientation 6,
of the grain boundary in its initial state is consistent the with misorientations, 6" and 6",
of the interphase boundary fragments adjacent to the grain boundary (figure 2(a)). That is,
0, =—-60"—6".

WHENSFIIENN
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Figure 2. The transformation of the low-angle boundary structure from the initial state (a) with
misorientation #; to the final state (b) with misorientation 6, (<6).

Let us consider a transformation of the low-angle boundary from its initial state with
misorientation 0; (figure 2(a)) into a state with misorientation 6, (<6;) (figure 2(b)). The
transformation occurs via climbing of m (m > 1) grain boundary dislocations towards the
film free surface, where these dislocations disappear. Due to the transformation, the low-
angle boundary acquires an ‘uncompensated’ dislocation density associated with the difference
A6O = 6,—06, between its misorientations in the final and initial states. The low-angle boundary
with the uncompensated dislocation density creates stress fields which compensate, in part,
for misfit stresses [21, 29, 30]. As a corollary, the transformation of the boundary structure
(figure 2) is driven by a release of misfit stresses in the film.

Let us examine the energetic characteristics of the transformation (figure 2) with the
assumptions that: (i) the film contains identical low-angle boundaries periodically spaced
along the interphase boundary; and (ii) dislocations that compose the low-angle boundaries in
their final state (after the transformation) are arranged periodically. In the framework of the
suggested approximation, the transformation of the low-angle boundary dislocation structures
(figure 2) is equivalent to the formation of a periodic row of misfit disclinations (rotational
defects each characterized by a strength w = 6, — 8, < 0) at the interphase boundary, whose
stress fields compensate, in part, for the misfit stresses; for more details, see [29, 30]. In the
following, for definiteness and for the sake of simplicity, we restrict our consideration to the
case with the one-dimensional misfit parameter

~ as —ay

f= >0

as
where a; and ay are the crystal lattice parameters of the substrate and the film, respectively.
Also, the thin film and the (model) semi-infinite substrate are assumed to be isotropic and
characterized by the same values of the shear strength G and the same values of the Poisson
ratio v. In these circumstances, following calculations [29], the energy-density change A E®
related to the formation of the misfit disclination row is obtained as follows:

Gw?l Glw| fh?

AE” = 4l — v)cb(h/l) Y] )
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where

OT1 . cosh2w(F+h) — 1 _ - sinh2n (X +h)
P = —1In — +rn(x+h ——

—iL2 cosh2m(x —h) —1 cosh2m(x +h) — 1

. sinh27 (X —h - 1 -
L L G RPN e }()Z+h) di.
cosh2m(x —h) — 1 cosh2m(x —h) — 1
Q)

Here i denotes the film thickness, / the distance between neighbouring misfit disclinations and
h=h/l

The energy density AE? &~ mGb? /4w (1 — v)l characterizes the core energy density of
m dislocations with Burgers vectors b, which disappeared during the transformations of the
grain boundary structures (figure 2). From the geometry of a transformed low-angle boundary,
we have the following relationship between its parameters: mb ~ h|w| at |w| < 1. With this
relationship, and with AE® (given by formulae (4) and (5)) and AE b taken into account, we
find the energy-density change A E related to the transformation (figure 2) to be given as
Gb [mzbl 47 fmh mb]

41 —v) iz P0/D == l ©)

where E| (E,) is the energy density of the film with the low-angle boundary in its initial (final)
state. Over the wide ranges of parameters characterizing the film, AE < O (see, for instance,
the dependences of AE on m in figure 3); that is, the misfit-stress-induced transformation
(figure 2) is energetically favourable.

AE=E,—F| =
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Figure 3. The dependence of AE (in units of Gb /47 ( 1- v)) on the number m of misfit dislocations
removed from a low-angle boundary, for b5 = 0.4 nm, f = 10~2 and: (i)/ = 1000 nm, 4 = 100 nm
(crosses); (i) / = 100 nm, 2~ = 1000 nm (open circles); (iii) / = 100 nm, 2~ = 100 nm (open
boxes).

On the basis of experimental data [5, 6], it is tentatively suggested that the critical current
density across [001] tilt boundaries in YBa,Cu3zO7_, superconductors at the temperature
T = 4.2 K depends on the boundary misorientation 6 as follows:

Je(0) = Jpuik exp[—0/6o] (N

where 6y ~ 6.3°, the typical bulk current density Jp,; ~ 2 X 10" A cm™2 and 6 ranges
from 0° to 45°. Owing to the highly non-linear character of the dependence J.(6) given by
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formula (7), we find that the misfit-stress-induced transformation of the low-angle boundary
structures (figure 2) enhances the critical current density across low-angle tilt boundaries in
superconducting films. The ratio of the critical current density (J.(6,)) across the low-angle
boundary in its final state to that (J.(8;)) in its initial state is given as

Jo(02)/Jc(01) = expl(01 — 62)/6p] > 1 for 6, < 6.

The misfit-stress-driven transformations of tilt boundary structures (figure 2) require grain
boundary dislocations to climb towards the film free surface, in which case the dislocations
should overcome some energetic barriers related to emission or absorption of point defects
at the dislocation cores [31]. Pressure and thermal treatment are capable of enhancing the
climbing of dislocations and, therefore, according to our model, increasing J.. In this context,
recent experimental data [32] on a significant enhancement of J. achieved by hot pressing in
Bi-2223/Ag multifilamentary tapes can be seen as supporting the model suggested in this letter.

4. Summary

To summarize, according to results of our theoretical analysis, misfit stresses are capable of
enhancing such important characteristics of high-7¢ superconducting thin-film cuprates as the
transition temperature 7¢ and the critical current density J.. This potentially allows one to
use technologically controlled parameters (misfit parameters, crystallography of interphase
boundary, film thickness) of film/substrate systems in the synthesis and design of high-T¢
superconducting films with enhanced functional properties.

This work was supported, in part, by the Office of US Naval Research (grant N00014-99-1-
0896) and the Russian Foundation of Basic Research (grant 98-02-16075).
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