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Effect of stress along the ab plane on the J, and T, of YBazCu307 thin films
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We studied the influence of elastic stress along the ab plane {o.,& ) on the critical current density (J,)

and transition temperature (T, ) of epitaxial c-axis-oriented YBa2Cu307 thin films. We observed reversi-
ble and reproducible increases (with compression) and decreases (with extension) of J, and T, from their
equilibrium values. By comparing dT, /do. ,b=0.045 —0.050 K/kbar with the results of hydrostatic-
pressure and thermodynamic experiments reported in the literature, we conclude that pressure-induced
changes in the ab plane completely account for the changes in T, (within our experimental uncertainty).
We also show that the mismatch strain between film and substrate does not substantially affect the
change in T, caused by the external stress.

INTRODUCTION

Continued study of the effect of pressure (P) on the
transition temperature (T, ) of high-temperature super-
conductors (HTSC) is important to our understanding of
the nature of superconductivity in these materials. In ad-
dition, external strain (s) can affect another crucial
characteristic of superconductors —the critical current
density (J,). Thus, deformation effects in HTSC is an im-
portant area of superconductivity research. The basic
measured parameter is, as a rule, the pressure derivative
dT, /dP. Most data were obtained by studying the effect
of hydrostatic compression (Ph) on HTSC ceramics and
crystals. The results vary, but most fall within the range
dT, /dP& =0.05 —0. 12 K/kbar. ' Less data is available
pertaining to c-axis uniaxial compression (P, ), and even
the sign of dT, /dP, is not consistent. '

In this paper, we present and discuss observed changes
in T, and J, with compression and extension along the ab
plane (parallel to the Cu-0 planes) in the absence of
external stress in the c direction. These conditions are
realized by bending substrates on which sputtered epitax-
ial thin films have been deposited and patterned. Our
preliminary results were presented previously. The
effect of stress along the substrate plane was reported ear-
lier by Park et al. for polycrystalline YBa2Cu307 films
on A12O3 substrates. They attributed the interesting and
complex behavior of their films to the effects of granulari-
ty and inhomogeneity. The consistency of our results,
among several films on different substrates, strongly sug-
gests that our observations are intrinsic to YBa2Cu307.

EXPERIMENT

Epitaxial c-axis-oriented thin films of YBa2Cu307 were
deposited by dc magnetron sputtering from a
stoichiometric target onto rotating (100) LaA103 and

Here, I is the length of the substrate between the clamp
and the point of force application, x is the distance be-
tween the clamp and the film, b is the width of the sub-
strate, and E' is the flexural modulus (or corresponding
combination of the elastic constants) of the substrate.

For an epitaxial film, the film's atoms have strong
bonds with the substrate, so that substrate and film
strains are identical. In a cantilevered experiment, the
stress tensor component in the z direction, 0„,vanishes.
In our experiment, l —x -=3 allows a simplification of Eq.
(1), and also implies s -=0. The stress along the ab
plane, 0 b 0 +oyy is then givenby

61 (c&i+cd~ )c33 2c132

o =F
E'bh C33

(2)

Equation (2) is obtained from Hooke's law (o;k =
C;kim atm

using the compact notation xx —+1, yy~2, zz —+3 for
components of the elasticity tensor) and Eq. (1). The
components of the elasticity tensor (C,kr ) of an

MgO substrates. A layer of Au sputtered onto the films
in situ provided low-resistance contacts. The films had
midpoint T, 's of 87—89 K, and resistivities at T = 100 K,
p(100 K), of 150—200 or 250—300 pQ cm for LaA103 or
Mgo substrates, respectively. p( T) curves and IV-
characteristics (at T=77 K) were measured on 50-pm-
wide patterned strips. J, was determined based on a
threshold criterion of 2 pV/mm. Conventional four-
terminal configurations were used for both the I-V and

p( T) measurements.
Strain along the ab plane was created by bending the

substrate in a cantilevered arrangement (Fig. 1). When a
force (F) is applied to the end of the substrate, the result-
ing strain[s„(x)] is given by

6(l —x)
s „(x)=F
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FIG. 1. The arrangement of the film on the substrate in the
bending experiment. l, b, and h are the length, width, and thick-
ness of the substrate, respectively.

YBa2Cu307 crystal as determined by neutron scattering
are' c&& =274 GPa, c&2=36.7 GPa, c33 183 GPa, and
c ]3 6 1 ~ 3 GPa. We measured the values of E' which
control the flexural modes of the single crystal substrates
directly using a flexural resonance technique. "' For
LaA103 and MgO, E'=250 and 300 GPa, respectively.
The typical dimensions for our sub strates were
(I,b, h) =(10 mm, 6 mm, 0.5 mm). The strain c.„did not
exceed 6X 10

Figure 2 shows the shift of p( T) with extension and
compression. The values of the derivative as determined
from ET/' ""'/o,

b for different samples are

dT
=().()45 0.050 K/kbar .

do ab

The error of the derivative is dominated by the uncertain-
ties in the components of the elasticity tensor
(15—20 %), ' and is estimated to be 30%.

Figures 3 and 4 show the change in J, with extension
and compression for films on LaAlO3 and MgO, respec-
tively. The insets to Figs. 3 and 4 present the stress
dependence of J, . The critical current density increases
with compression along the ab plane, and decreases with
extension. The shifts in both T, and J, are reversible and
reproducible.
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DISCUSSION

The experimental results described above show that
compression along the ab plane leads to an increase in T„
while extension along this plane decreases T, in
Yaa2Cu307 films. The results clearly indicate a direct
correlation between changes in T, and changes in intera-
tomic spacing in the ab plane. A correlation has been
noted, in previous work, ' between the c parameter and
T, . This correlation could be taken to suggest that

FIG. 3. The effect of stress along the ab plane on the I-V
characteristics of YBa2Cu307 film on LaA103. Film thick-
ness=1000 A; p(100 K) =200 pQ cm. Inset: the dependence of
J, on stress (o.,b )0 is compression; o.,b & 0 is extension).
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FIG. 2. Resistivity vs temperature of YBa2Cu307 film on
LaAlO3 substrate, shown with extension and with compression.
Film thickness = 1000 A.

FIG. 4. The effect of stress along the ab plane on the I-V
characteristics of YBa2Cu3O7 film on MgO. Film thick-
ness=500 A; p(100 K) =380 pQ cm. Inset: the dependence of
J, on stress (o.,b )0 is compression; o.

b & 0 is extension).
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changes in c parameter cause changes in T, . Analysis of
our data, combined with thermodynamic data from the
literature, indicates that this is not the case, as discussed
below.

Another result is the increase of J, under compression
and the decrease of J, with extension (the increase of J,
in thin YBa2Cu307 films under hydrostatic pressure was
reported in Ref. 14). The value hJ, /J, (J, is the critical
current density without deformation) did not exceed
several percent. The behavior of J,(o,i, ) turned out to be
similar in experiments with several films on both LaA103
and Mg0. These films had different normal-state resis-
tivities, and critical current densities which differed by
two orders of magnitude (see, for example, Figs. 3 and 4).
The similarity in their behavior cannot be readily ex-
plained within the framework of "weak link" models. It
is our point of view that a direct connection between the
changes in T, and J, cannot be neglected since compres-
sion along the ab plane causes both to increase just as ex-
tension leads to their decrease. It is also necessary to
consider that external stress tends to concentrate near de-
fects which may inhuence the pinning force. Thus, the
nature of the reversible change in J, remains unclear.

We can compare our value of dT, /der, b with the re-
sults of hydrostatic pressure experiments using the fact
that the derivative dT, /dPh is obtained by summing two
contributions:

dT dT'=2
dPg do ab

dT.

A&xxo xx+ A~yyo yy+ A&zzo zz

bC /T,
(3)

Here, Aa; are the thermal expansion jumps of the lattice
at T„AC is the jump in heat capacity at T„o.;. are the
stress tensor components, and AT, is the stress-induced
change in T, . For YBa2Cu307 single crystals and orient-
ed grained samples, An„+Any is equal to 2.3X10
K ' and 1.5X10 K ', and AC /T, is 27 mJ/mol K
and 43 mj/mol K, respectively. ' Assuming that
O zb O xx +0

yy
and O „=0, We Can CalCulate

d T, /d o.,b =0.089 K/kbar for the single crystal and
0.038 K/kbar for the oriented grained sample. Taking
into account that the value 0.089 K/kbar is too large due
to the presence of Al doping impurities, ' we believe that
our experimental result of 0.045 —0.050 K/kbar is in good
agreement with Eq. (3).

where cr, is stress (or pressure) along the c axis. The
value calculated from our experiments, 2d T, /d o.,b

=0.09—0. 10 K/kbar, falls well within the range reported
from hydrostatic experiments in the literature. This fact
supports the conclusion that pressure-induced changes in
interplanar spacing along the c axis do not contribute
significantly to the change in T, for YBa2Cu307.

Confirmation of this statement follows by considering
both our results and the experimental results of thermo-
dynamic investigations. ' ' From the generalization of
Ehrenfest's relation for second-order phase transitions, it
is possible to write the following equation:

Our deduction that pressure-induced changes in inter-
planar spacing do not contribute significantly to the
change of T, is strongly supported by the fact that the
jump in the component of thermal expansion along the c
axis at T, is very small: b,a,&/b, a„)20. ' Our deduc-
tion agrees with the theoretical conclusion that a large
change in Cu-0 interplanar distance affects T, only
slightly, ' as well as data that establish a correlation be-
tween the T, and the in-plane Cu-0 bond length in cu-
prate superconductors.

Finally, we discuss the role of thermal contraction
mismatch between the film and substrate. [A discussion
of this internal strain (s ) is presented in the literature. '

]
It is possible to describe the free energy of a film strained
due to interaction with its substrate (strain tensor s ) and
an external stress & (corresponding strain s ) by the fol-
lowing equation (using for simplicity the notation s and C
i~stead of c,;k and C,„, ):

F(y, s)=F~(T)+ ,'a (T —T—,)qP+ ,'Bqr—
+ —,

' [s—s~(y) ]C[s—s (y) ] .

The first three terms characterize the free energy of the
unstrained state. Here y is the order parameter, T, is the
critical temperature in the unstrained state, and
a/(2B)=b, C /T, . The last term in (4) corresponds to
the elastic energy of the superconductor at a given cp.

'

The elastic modulus C =C~+ ACy near the transition
point, C~, corresponds to the normal state and AC
characterizes the superconducting state, c is the total
strain tensor s=s +s, and f~(y)=s~(T)+coy is the
self-strain directly connected with a for equilibrium cp:

dc/dT=a, An=coa/B. It is possible to estimate the
critical temperature T, of a film with internal (mismatch)
strain [T,W T, in (4)] as well as the shift of this tempera-
ture under external stress AT„by equating to zero the
sum of all terms containing y in (4). Taking into ac-
count that only terms containing c. need to be kept, and
neglecting the quadratic term c AC c. , we can write the
following equation for AT„which was measured in our
experiment:

b,a& —(a/B)s B,Cs
AT, =

AC /T,

The first term of Eq. (5) corresponds to the generaliza-
tion of Ehrenfest's relation, Eq. (3), which has been
shown to describe the results of our experiments satisfac-
torily. For all practical purposes, then, substrate
mismatch does not contribute significantly to the change
in T, caused by external stress. The consistency in our
experimental results for films on different substr ates
strongly supports the conclusion that the J, and T,
changes observed are intrinsic to YBa2Cu307 and are not
mismatch induced.

CONCLUSION

We observed reversible and reproducible changes in
J,(77 K) and T, of c-axis-oriented epitaxial YBa2Cu307
thin films due to compression and extension along the ab
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plane. Compression increases and extension decreases
both J, and T, from their unstressed values. We have
determined that d T, /d o,b

=0.04S —0.050 K/kbar.
Furthermore, it was shown that pressure-induced
changes within the ab plane dominate the changes in T, .
Comparison of our result with thermodynamic considera-
tions shows that mismatch strain between the film and
substrate does not affect the change in T, caused by
external stress.
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