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Stress change in YBa2Cu3O7Àd close to the superconducting transition
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Measurements on Au/Pb(Zr12xTix)O3/YBa2Cu3O72d (x50.47,0! thin film capacitor structures on
SrTiO3(001) reveal a jump up to'30% in the dielectric constant of the ferroelectric Pb(Zr0.53Ti0.47)O3 films,
which starts about 10 K above the superconducting transition of the underlying YBa2Cu3O72d layer. We show
that this can be understood by a stress release in the ferroelectric film which must be caused by a stress change
in the high-temperature superconductor starting already significantly aboveTc .

DOI: 10.1103/PhysRevB.66.054511 PACS number~s!: 68.35.2p, 74.76.Bz, 77.55.1f, 77.65.2j
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The coupling term between an external field and the or
parameter effects the free energy of a superconductor.1 Com-
pared to the change of the electric and magnetic prope
associated with the superconducting transition, the effec
an existing stress field is less well studied. However,
both, conventional superconductors2,3 and high-temperature
superconductors~HTS!,4 it was found experimentally tha
the superconducting transition is accompanied by
anomaly of the elasticity/plasticity. Although there is no co
clusive evidence,5,6 the changed interaction between movi
dislocations and the conduction electrons was suggeste
be responsible.2,3 In this paper, we provide convincing ev
dence for a stress change in HTS thin film at around
superconducting transition temperature. Intriguingly, the
fect is observed to start already at about 10 K aboveTc .

It had been found earlier that the superconducting tra
tion in electrode layers of YBa2Cu3O72d ~YBCO! can effect
the dielectric properties of a thin film capacitor wi
Ba0.5Sr0.5TiO3 or Pb(Zr0.53Ti0.47)O3 ~PZT! dielectric
layers.7,8 For this observation, e.g., the proximity effect w
suggested as an explanation.7 In the present study, we eluc
date the underlying reason by comparing the tempera
dependence of the capacitances of ferroelectric~FE! thin film
capacitors with those of antiferroelectric~AFE! PbZrO3 ~PZ!
thin film capacitors. In this way, we can rule out that t
observed effect arises simply from the proximity effect, i.
that theeffectivethickness of the dielectric layer is decreas
and therefore the capacitance of the heterostructure is
creased in the superconducting state. In order to assure
the observed dielectric anomaly is associated with the su
conducting transition and not with the normal state anom
lies at temperaturesT* aboveTc , notably the pseudogap,9–11

we prepared PZT/YBCO and PZ/YBCO heterostructu
with underdopedYBCO films. In this way, we are varyingTc
and can see clearly, whether the detected anomaly in
capacitance scales withTc or not. This is also important in
view of the fact that the separation ofTc and T* on the
temperature scale is also a function of the doping level. Th
for underdoped samplesTc and T* of YBCO are clearly
separated.
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The microstructure12–14 and the low temperature depen
dence of the dielectric constant8 of a PZT/YBCO hetero-
structure withoptimally dopedYBCO layers withTc of 91 K
had been studied in the past.14,8 For easy comparison, on
example of such a PZT/YBCO sample, which had been p
pared in a two-target rf/dc magnetron sputtering system
annealed at oxygen pressure close to 13105 Pa and at
;480 °C for 30 min,14,8 will be given in this paper further
below.

The PZT/YBCO and PZ/YBCO heterostructures withun-
derdopedYBCO layers were prepared on SrTiO3(001) sub-
strates in a multitarget pulsed laser deposition~PLD!
system.15 Fully oxygenated YBCO films were deposited o
SrTiO3(001), and immediately afterwards the dielectric PZ
or PZ layers were deposited onto the YBCO. The YBCO w
deposited at 760 °C under 50 Pa oxygen pressure, then
nealed at 450 °C under 83104 Pa oxygen pressure for 3
min. However, the final oxygen stoichiometry in the YBC
layers was determined by the oxygen pressure used du
the deposition of the dielectric layer and the subsequent c
ing process. We have chosen growth conditions to guara
optimal epitaxial quality of PZ and PZT. Thin films of PZ
are difficult to produce because of the low Pb vapor press
Furthermore, as evident from the phase diagram,16 PZ needs
a lower temperature than PZT. Thus, the growth conditio
which we have chosen for PZ and PZT, are slightly differe
Two ceramic targets, with nominal composition
Pb1.05(Zr0.53Ti0.47)O3.05 and PbZrO3, were used for the
pulsed laser deposition. The PZ layers were deposited
300 °C under 10 Pa oxygen pressure followed by a b
annealing at 655 °C in 83104 Pa oxygen pressure, befor
cooling down to the room temperature by switching off t
power of the heater. The PZT layers were deposited
580 °C under 12 Pa oxygen pressure, then the power of
heater was switched off and the thus prepared heteros
tures were cooling down to room temperature without
creasing the oxygen pressure and without any further ann
ing afterwards. Thus prepared PLD samples are referred t
nonfully-oxygenated hereafter, in contrast to the full
oxygenated PZT/YBCO ~PZ/YBCO! samples with Tc
591 K for YBCO layers, which were annealed after th
©2002 The American Physical Society11-1
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deposition of dielectric PZT~PZ! layers at ambient pressur
of oxygen and at;450 °C.

PZT, PZ, YBCO, and SrTiO3 are all perovskite material
with a close match of their lattice constants~cf. Table I! and
thermal expansion coefficients, both prerequisites for a g
epitaxial quality of the PZT/YBCO and PZ/YBCO heter
structures. Furthermore, PZ and PZT belong to a solid s
tion, with orthorhombic structure for PZ and rhombohed
structure for PZT. The PZT composition, which we ha
chosen, is right at the morphotropic phase boundary. Ot
wise, PZ and PZT are chemically very similar and thus bo
to YBCO with quite similar behavior. Most importantly, PZ
is ferroelectric and PZ antiferroelectric. The consequence
this will be discussed further below.

Our PLD films were characterized by x-ray diffractio
~XRD! ~Siemens D5000!, atomic force microscopy~AFM!
~Digital Instruments Dimension 3100 with NanoScope
Electronics!, scanning electron microscopy~SEM! ~Leica
Cambridge Stereoscan 420!, and high resolution transmis
sion electron microscopy~HRTEM! ~Philips CM20-FEG! in
both planar and cross-sectional views.17 The PZT/YBCO and
PZ/YBCO heterostructures are epitaxial and single-phase

TABLE I. Lattice constants of perovskite PZT, PZ, YBCO, an
SrTiO3.

PZT ~nm!a PZ ~nm!a YBCO ~nm!b SrTiO3 ~nm!c

a 0.408 0.415 0.3817 0.3905
b 0.408 0.415 0.3883 0.3905
c 0.408 0.410 1.1633 0.3905

aReference 16.
bR. M. Hazen, inPhysical Properties of High Temperature Supe
conductors II, edited by D. M. Ginsberg~World Scientific, Sin-
gapore, 1990!, pp. 121–198.

cJ. G. Bednorz and H. J. Scheel, J. Cryst. Growth41, 5 ~1977!.
05451
d

u-
l

r-
d

of

e-

vealed by the XRD as shown in Fig. 1 for the 120/120 n
thick heterostructures. The oxygen concentration in YBC
layers as derived fromc-axis lattice constants18 are d'0.2
and 0.5 for PZ/YBCO and PZT/YBCO, respectively, whic
are consistent with that deduced from theirTc values.19 The
PZT and PZ layers are dense with isolated pinholes as
served by SEM and AFM. However, the PZ film is rough
and has more pinholes than the PZT film. The pinhole d
sity in the PZ film is about 4 times that in the PZT film. Th
HRTEM cross-sectional images of a PZT/YBCO and a P
YBCO specimen, both of which are 120/120 nm thick, a
given in Fig. 2. Similar microstructural features for bo
samples can be observed:~1! The interfaces of PZT/YBCO
and PZ/YBCO are sharp, without indications of intermixin
layers.~2! Parts of the images at the interface of PZT/YBC
or PZ/YBCO suggest that the lattices of PZT and PZ lay
are distorted by the interface stress field due to the lat
mismatch of the PZT or PZ layers with the YBCO layers.~3!
Similar defects along the film growth direction can be o
served for both, PZT and PZ layers.~4! The Fourier filtered
TEM images reveal edge dislocations close to the interf
with densities of.1012/cm2 for the PZT and PZ films. More
details on the deposition procedure and the microstruct
characterization of the heterostructures are repo
elsewhere.17

Au contacts were prepared on the dielectric filmsex situ
by evaporation. We used 200 nm Au pads and 120 nm YB
layers, but varied the PZT and PZ layer thickness~60, 120,
and 180 nm!. A schematic drawing of the resulting thin film
capacitor structure is shown in Fig. 3.20 Superconducting
transition temperatures were determined by susceptib
measurements with a Magnetic Property Measurement S
tem SQUID magnetometer. With the samples mounted o
helium flow-through cryostat the capacitanceC of the thin
film structure was determined by an HP 4284A LCR me
for frequencies ranging from 1 to 1000 kHz. The experime
-

FIG. 1. XRD Q –2Q scan

with the intensity scaled logarith
mically for the 120/120 nm thick
PZ/YBCO heterostructure~upper
graph! and PZT/YBCO hetero-
structure ~lower graph! on
SrTiO3(001) using CuKa radia-
tion.
1-2
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STRESS CHANGE IN YBa2Cu3O72d . . . PHYSICAL REVIEW B 66, 054511 ~2002!
tal results presented here have been obtained at 100 kH
all the samples~see text below!. However, despite the fac
that the magnitude of the capacitance anomaly shows s
frequency dependence, basically the same behavior in te
of temperature dependence, onset temperature, etc. wa
served for all other frequencies used for the capacitance m
surement. The frequency-dependence will be reported in
tail elsewhere. The dielectric constant« r can be obtained
from the measured capacitanceC with the help of the known
area of the electrodesA, thicknessd of the PZT or PZ layer,
and the vacuum dielectric constant«0 via

« r5
2d•C

A•«0
. ~1!

In this paper, we concentrate on the heterostructures
underdopedYBCO layers. However, for convenience we r
produce the results obtained for the temperature depend
of the dielectric constant of an fully-oxygenated PZT/YBC
~120/120 nm! sample, i.e., withoptimally dopedYBCO layer
(Tc591 K) as already indicated above.8 As can be seen in
Fig. 4, a strong increase of the dielectric constant is obse
for the PZT film at a temperature roughly about 10 K abo
the superconducting transition. The dielectric const
reaches a maximum at 91 K, which corresponds toTc,0 , with

FIG. 2. Cross-sectional HRTEM images of~a! PZT/YBCO and
~b! PZ/YBCO heterostructures, revealing sharp interfaces as i
cated by the black arrows.~c!,~d! Properly Fourier filtered parts o
the images marked in~a! and ~b!, respectively, show dislocation
networks with density of.1012/cm2 close to the interfaces.

FIG. 3. Two thin film capacitors, with PZT or PZ dielectri
layer, are connected in series by the YBCO layer. Au contact
mm in diameter and 5 mm apart from each other, are deposite
the integrated thin-film structure with a total lateral size on
310 mm2 on intrinsic, insulating, 1 mm thick SrTiO3 substrates.
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a total increase of the dielectric constant'7%. The hump in
the dielectric constant around 240 K can be assigned to
monoclinic phase transition of the PZT.21

The results for three nonfully-oxygenated PZT/YBC
samples with thickness of 60/120 nm, 120/120 nm, and 1
120 nm and one nonfully-oxygenated PZ/YBCO sam
~120/120 nm!, i.e., with underdopedYBCO layers, are
shown in Fig. 5. Compared to the fully-oxygenated sample
stronger increase ('30%) of the capacitance is observed f
the 60 nm and 120 nm PZT films, which starts'10 K
aboveTc , and reaches the maximum at aboutTc @cf. Figs.
5~a! and 5~b!#. For the 180 nm PZT film, the anomaly in th
dielectric constant is much weaker@cf. Fig. 5~c!#, but closer
inspection shows that it exhibits the same dependency onTc

as for the thinner films. Thus, we can summarize at this po
already that the temperature at which the observed anom
happens, depends onTc . This suggests a superconductivit
related mechanism. However, while the anomaly reache
maximum atTc , it starts at temperatureTa , which is about
10 K higher thanTc,0 .

The observed anomaly must originate either from a
crease ind or an increase in« r , because«0 and A do not
change with temperature@cf. Eq. ~1!#. A decrease in the ‘‘ef-
fective’’ layer thicknessd could be caused by the proximit
effect: within a certain depth, the interfacial region of th
dielectric becomes superconducting leading to a decreas
the effectivethickness of the dielectric layer. A capacitan
change atTc was found for all the PZT samples with differ
ent thickness of the PZT layers. In order for the proxim
effect to be responsible for the increase in capacitance for
120 nm film, more than 30 nm of the PZT film must ha
become superconducting, which is impossible.22 However,
the proximity effect can be directly ruled out, since, mo
importantly, its contribution must be very small, as revea
by the PZ samples. No evident anomaly but a very tiny

i-

1
on

FIG. 4. Temperature dependency of« r measured at 100 kHz fo
an fully-oxygenated PZT/YBCO~120/120 nm! sample withTc of
91 K.
1-3
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FIG. 5. Temperature dependency of« r measured at 100 kHz for nonfully-oxygenated heterostructures with oxygen deficient Y
layers: ~a! PZT/YBCO, 60/120 nm,Tc561 K; ~b! PZT/YBCO, 120/120 nm,Tc557 K; ~c! PZT/YBCO, 180/120 nm,Tc541 K; ~d! PZ/
YBCO, 120/120 nm,Tc575 K. There is no observable hysteresis for the cooling, warming cycle and the lower curve is vertically dis
downward by«540 for clarity. The results of the susceptibility measurements are shown as insets. The lower inset in~d! shows the small
change of« r around 75 K by subtraction of the lineare(T) dependence and a vertical expansion by a factor of 20.
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electric kink close toTc can be identified for all the three P
samples@cf. Fig. 5~d!, and see text below#. Weak ferroelec-
tricity in the PZ film23 may contribute to this tiny dielectric
kink, too. Nevertheless, any possible contribution of t
proximity effect must be very small. STO undergoes an
tiferrodistortive phase transition at low temperature and
might suspect that this maybe related to the obser
anomaly. However, the phase transition of STO occurs at
K ~Ref. 24! and is a prototype of a second-order phase tr
sition, with a slow and continuous change of the STO latt
constants with decreasing temperature.25 Thus, there is no
sudden variation. Furthermore, whereas the STO phase
sition occurs at around 105 K, the anomaly which we o
serve scales with theTc of the YBCO films within a range of
41–91 K. This leaves as the only explanation a change o« r
in the dielectric film at the superconducting transition.

In order to understand the different behavior for PZT a
05451
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PZ we have to recall their properties. The phase diagram
Pb(Zr12xTix)O3 shows ~below about 500 K! a variety of
phases:16 The material is orthorhombic and antiferroelectr
for x50 ~PZ!; with x increasing, it becomes rhombohedr
ferroelectric close to 0.1 and exhibits a so-called morpho
pic phase boundary between the ferroelectric rhombohe
and ferroelectric tetrahedral phase at aroundx50.5. The
ferroelectric phases are, of course, also piezoelectric26 and an
external stress will change the electric polarization and t
the dielectric constant and the measured capacitance. Im
tant for our present approach,this is not the casefor the AFE
~Ref. 27! phase of PZ which is centrosymmetric and thus n
piezoelectric. In our opinion, the only explanation left f
explaining the jump in the dielectric constant for the F
material at the superconducting transition is a change
stress, the magnitude of which we will estimate in the f
lowing.
1-4



ic

c-

n

n
n

ic
f
th

re
.
e

in

D
ar
p

nt
th
si

m
fo
e
Z

s

a
lm.
m

ame

re
nt
er

ial
ick-
the
on-

-

on-
rnal
ase
ur
ess
l
the

not
ions
t a

the
in

be

nt’’
ca-
ge,
hus
his
ons:
cal
re-

nd
n the

ange
m
20
s in

as
und
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The Gibbs free energy per unit volume of piezoelectr
can be expressed as,16,26

G5G01(
i

S 1

2
Ei•Pi D1(

i
S 1

2
Fi•Si D

5G01(
i

Pi
2

2x0
1(

i , j

Fi
2

2ci j
, ~2!

with the ground state free energyG0, electric fieldEi , po-
larization Pi , stress tensorFi , strain tensorSi , and elastic
constantsci j . Under a weak electric field, the inverse diele
tric susceptibilityx21 equals (]2G/]Pi

2)uP50, then,

]G

]Pi
5

Pi

x0
1(

i , j

1

ci j
•

]Fi

]Pi
•Fi , ~3!

and thus,

1

x
5

1

x0
1(

i , j

1

ci j
F ]2Fi

]Pi
2
•Fi1S ]Fi

]Pi
D 2G , ~4!

in which ]Fi /]Pi and]2Fi /]Pi
2 are the piezoelectric strai

constantsgi j and the electrostrictive coefficientsQi j , respec-
tively.

It is obvious that the]Fi /]Pi term in Eq.~3! equals zero
for the AFE, and therefore an external stress field does
introduce any significant change of the dielectric consta
However, for piezoelectric materials such as ferroelectr
an external stress induces a stress-proportional change o
dielectric constant. For PZT, a compressive stress in
a/b-plane will decrease« r .16 It is important to realize at this
point, that the epitaxial PZT and PZ films on YBCO a
compressively stressedgiven their larger lattice constants
The enhancementof « r which we observed means that th
lateral compressive stress component F1 is releasedin the FE
film,16 whereby the polarization of the FE is influenced
such a way that the dielectric constant« r511x5«33

S /«0

increases in thec-direction.
We notice that, for nonfully-oxygenated PZT/YBCO PL

samples, the dielectric hump at around 240 K disappe
This suggests that without oxygen annealing after the de
sition of PZT not only the YBCO layers are oxygen deficie
but that a higher density of defects may be present in
PZT layers. This assumption is supported by the high den
of dislocations observed by HRTEM.17 Furthermore, it is
known that vacancies in the PZT ceramics increase the
bility of domain-wall and thus decrease the threshold
stress release.28 Therefore, it may not be surprising that th
amount of stress released in the nonfully-oxygenated P
YBCO samples at close toTc is larger in comparison with
the fully-oxygenated sample@cf. Figs. 4 and 5~b!#.

From Eq. ~4!, we can estimate the magnitude of stre
release in the PZT. With a change in 1/x, i.e., (1/x) uT.Ta

2(1/x) uT,Tc
50.001, c335134 GPa,16 and Q3352.0

m4
•C22,29 we calculate a release of stress of'70 MPa in

the nonfully-oxygenated PZT layers@60 and 120 nm thick,
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cf. Figs. 5~a! and 5~b!#. Obviously, the PZT film represents
very sensitive probe for stress changes in the YBCO fi
Employing the elastic constants of YBCO at roo
temperature,30 we estimate a strain change of 331024 in the
YBCO layer associated with this stress release. The s
calculation reveals a release of stress of'20 MPa in the
fully-oxygenated 120 nm PZT layer~cf. Fig. 4!.

The 180 nm thick PZT film exhibits at room temperatu
the highest« r value among all the three samples of differe
PZT layer thickness. This is an indication that the thick
PZT film is much less~in our case compressively! stressed at
room temperature. This is, in fact, expected for any epitax
systems. The strain energy, which accumulates with th
ness, is reduced by the formation of dislocations. Thus,
thicker the epitaxial films become, the less they are c
strained by the substrate. For epitaxial BaxSr12xTiO3 ~BST!
thin films31,32 it was recently found that the dielectric con
stant of the BST film depends on itsc-axis lattice constant
and defects inside the films. In accordance with our reas
ing above, it was suggested that the release of the inte
stress in the thicker BST films is the reason for the incre
of the dielectric constant with layer thickness. Thus, for o
180 nm PZT film, we observe a smaller release of the str
close to theTc @cf. Fig. 5~c!#, since the amount of interna
stress is already drastically reduced in comparison with
thinner films.

The underlying mechanism for the stress change is
conclusively established, however, our present investigat
shed some light on it. The fact that the anomaly starts a
temperature close toTc with a maximum atTc for both the
optimal doped and the underdoped YBCO clearly relates
effect to the superconducting transition. A simple change
the elastic constants cannot be the reason since astiffeningof
the shear modulus is observed belowTc .33 The other possi-
bility, a lattice constant change in the YBCO atTc caused by
a structural transition as, e.g., reported by Meingastet al.,34

is not likely, either, since the induced strain change can
estimated to be,131025,34 much smaller than what we
observe. Another explanation is a ‘‘plasticity enhanceme
in the superconducting state, i.e., the movement of dislo
tions, which requires also a redistribution of electric char
can occur more easily in the superconducting state, t
leading to a softening of the material. We believe that t
mechanism may best explain our experimental observati
~1! For all the samples studied, which have an identi
thickness of the YBCO layers, an equal release of the
sidual stress inside the YBCO layers at aroundTc is ex-
pected.~2! Because PZ is in principle not piezoelectric a
thus not sensitive to a stress change, no evident change i
dielectric constant can be observed@cf. Fig. 5~d!#. ~3! For the
PZT layers, the stress release, as determined from the ch
in dielectric constant, is of different magnitude for the 60 n
PZT, the fully-oxygenated and the nonfully-oxygenated 1
nm PZT, and the 180 nm PZT, because of the difference
the domain-wall mobility@cf. Figs. 4 and 5~b!# and the much
lower internal stress in the thicker films@cf. Fig. 5~b! and
5~c!#. A change of threshold for inelastic deformation h
actually been reported to happen for YBCO ceramics aro
1-5
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the superconducting transition temperature.4 Finally, the rea-
son for our finding that this anomaly commences already
temperature several degrees aboveTc is not clear at the mo-
ment. However, note in this context that the electron–pho
coupling, reported recently for HTS cuperates, was found
persist at temperatures significantly higher thanTc .35

In conclusion, by employing piezoelectric PZT as a pro
we observed a pronounced change of capacity in our i
grated capacitor microstructures at the superconducting t
sition temperatures of the YBCO, which we associate wit
change of stress in YBCO close toTc . We corroborated this
assignment by comparing the dielectric response of PZT
PZ thin film capacitors at the superconducting transition
YBCO electrode layers with different transition temper
tures. The dielectric constants of Au/PZT/YBCO integrat
thin film capacitors were found to increase, up to'30%,
starting at a temperature'10 K above theTc of YBCO,
o

, i

.N

.
X.

i

.
hy

.
J.
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while basically no changes can be observed for Au/P
YBCO. A very small kink for the antiferroelectric, nonpiezo
electric PZ can be assigned to the proximity effect or int
facial ferroelectricity of the PZ layer. By varying th
transition temperatures of YBCO in the range of 41–91
we showed that the capacitance anomaly clearly scales
Tc , starting about 10 K aboveTc in all cases. The PZT laye
represents a very sensitive stress sensor and the anom
consistent with a stress change of up to 70 MPa, which
responds to a strain change of 331024 in the YBCO layer.
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