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Stress change in YBaCu3;0,_ 5 close to the superconducting transition
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Measurements on Au/Pb(Zr,Ti,)O3/YBa,CusO;_ s (x=0.47,0 thin film capacitor structures on
SrTiO;(001) reveal a jump up te-30% in the dielectric constant of the ferroelectric PR(g4fig 47 O3 films,
which starts about 10 K above the superconducting transition of the underlyingCYiBa, _ s 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 ahave
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The coupling term between an external field and the order The microstructuré~1*and the low temperature depen-
parameter effects the free energy of a supercond@om-  dence of the dielectric const&nof a PZT/YBCO hetero-
pared to the change of the electric and magnetic propertiesiructure withoptimally dopedrBCO layers withT, of 91 K
associated with the superconducting transition, the effect ohad been studied in the paét For easy comparison, one
an existing stress field is less well studied. However, forexample of such a PZT/YBCO sample, which had been pre-
both, conventional superconductdfsand high-temperature Pared in a two-target rf/dc magnetron sputtering system and
superconductor$HTS),* it was found experimentally that annealed at oxygen pressure close WIDS Pa and at
the superconducting transition is accompanied by ar~480°C for 30 mini*®will be given in this paper further

anomaly of the elasticity/plasticity. Although there is no con-Pelow. ,
clusive evidenc&® the changed interaction between moving =~ 1he PZT/YBCO and PZ/YBCO heterostructures wiitf-

dislocations and the conduction electrons was suggested Egardope(_jYBCO Ialy_ers were ﬁre%arclad on 3”5@9.1) i%b
be responsiblé? In this paper, we provide convincing evi- strates in a multitarget pulsed laser depositithLD)

5 . .
dence for a stress change in HTS thin film at around th ystem.> Fully oxygenated YBCO films were deposited on

superconducting transition temperature. Intriguingly, the ef- rTi0;(001), and immediately afterwards the dielectric PZT
fect is observed to start already at about 10 K abbye or PZ layers were deposited onto the YBCO. The YBCO was

: . deposited at 760 °C under 50 Pa oxygen pressure, then an-
It had been found earlier that the superconducting ransiz .o 1ed at 450 °C under810* Pa oxygen pressure for 30

tion in electrode layers of YB&U;O; - ; (YBCO) can effect i “However, the final oxygen stoichiometry in the YBCO
the dielectric properties of a thin film capacitor with |5yers was determined by the oxygen pressure used during
BaosSisTiOs  Or  Pb(Zpssios)Os  (PZT)  dielectiic  he deposition of the dielectric layer and the subsequent cool-
layers. ™ For this observation, e.g., the proximity effect wasing process. We have chosen growth conditions to guarantee
suggested as an explanatiom the present study, we eluci- optimal epitaxial quality of PZ and PZT. Thin films of PZT
date the underlying reason by comparing the temperaturgre difficult to produce because of the low Pb vapor pressure.
dependence of the capacitances of ferroeledft) thin film Furthermore, as evident from the phase diagta®zZ needs
capacitors with those of antiferroelect(i®FE) PbZrQ; (P2)  a lower temperature than PZT. Thus, the growth conditions,
thin film capacitors. In this way, we can rule out that thewhich we have chosen for PZ and PZT, are slightly different.
observed effect arises simply from the proximity effect, i.e.,Two ceramic targets, with nominal composition of
that theeffectivethickness of the dielectric layer is decreasedPb, of Zrg53Tig47) Os05 and PbZrQ, were used for the
and therefore the capacitance of the heterostructure is irpulsed laser deposition. The PZ layers were deposited at
creased in the superconducting state. In order to assure tha®0 °C under 10 Pa oxygen pressure followed by a brief
the observed dielectric anomaly is associated with the supeannealing at 655°C in 810* Pa oxygen pressure, before
conducting transition and not with the normal state anomaeooling down to the room temperature by switching off the
lies at temperatureE* aboveT,, notably the pseudogdp!®  power of the heater. The PZT layers were deposited at
we prepared PZT/YBCO and PZ/YBCO heterostructuress80 °C under 12 Pa oxygen pressure, then the power of the
with underdoped’BCO films. In this way, we are varying heater was switched off and the thus prepared heterostruc-
and can see clearly, whether the detected anomaly in theires were cooling down to room temperature without in-
capacitance scales wiffi, or not. This is also important in creasing the oxygen pressure and without any further anneal-
view of the fact that the separation df. and T* on the ing afterwards. Thus prepared PLD samples are referred to as
temperature scale is also a function of the doping level. Thusjonfully-oxygenated hereafter, in contrast to the fully-
for underdoped sampleg, and T* of YBCO are clearly oxygenated PZT/YBCO (PZ/YBCO samples with T,
separated. =91 K for YBCO layers, which were annealed after the
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TABLE I. Lattice constants of perovskite PZT, PZ, YBCO, and
SrTiOs.

PZT (nm? PZ (nm? YBCO (nm)P°  SrTiO; (nm)°
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

%Reference 16.

R. M. Hazen, inPhysical Properties of High Temperature Super-
conductors I} edited by D. M. GinsbergdWorld Scientific, Sin-
gapore, 1990 pp. 121-198.

€J. G. Bednorz and H. J. Scheel, J. Cryst. Growth5 (1977).

deposition of dielectric PZTPZ) layers at ambient pressure
of oxygen and at-450 °C.

PZT, PZ, YBCO, and SrTiQare all perovskite materials
with a close match of their lattice constaiit$. Table ) and

PHYSICAL REVIEW B66, 054511 (2002

vealed by the XRD as shown in Fig. 1 for the 120/120 nm
thick heterostructures. The oxygen concentration in YBCO
layers as derived frone-axis lattice constant are §~0.2

and 0.5 for PZ/YBCO and PZT/YBCO, respectively, which
are consistent with that deduced from thEjrvalues®® The
PZT and PZ layers are dense with isolated pinholes as ob-
served by SEM and AFM. However, the PZ film is rougher
and has more pinholes than the PZT film. The pinhole den-
sity in the PZ film is about 4 times that in the PZT film. The
HRTEM cross-sectional images of a PZT/YBCO and a PZ/
YBCO specimen, both of which are 120/120 nm thick, are
given in Fig. 2. Similar microstructural features for both
samples can be observed) The interfaces of PZT/YBCO
and PZ/YBCO are sharp, without indications of intermixing
layers.(2) Parts of the images at the interface of PZT/YBCO
or PZ/YBCO suggest that the lattices of PZT and PZ layers
are distorted by the interface stress field due to the lattice
mismatch of the PZT or PZ layers with the YBCO lay€f.

thermal expansion coefficients, both prerequisites for a goo8imilar defects along the film growth direction can be ob-

epitaxial quality of the PZT/YBCO and PZ/YBCO hetero-

served for both, PZT and PZ layefg) The Fourier filtered

structures. Furthermore, PZ and PZT belong to a solid solufEM images reveal edge dislocations close to the interface
tion, with orthorhombic structure for PZ and rhombohedralwith densities of>10'%/cn? for the PZT and PZ films. More
structure for PZT. The PZT composition, which we havedetails on the deposition procedure and the microstructural

chosen, is right at the morphotropic phase boundary. Othecharacterization of

the heterostructures are reported

wise, PZ and PZT are chemically very similar and thus boncelsewheré’

to YBCO with quite similar behavior. Most importantly, PZT

Au contacts were prepared on the dielectric filexssitu

is ferroelectric and PZ antiferroelectric. The consequences diy evaporation. We used 200 nm Au pads and 120 nm YBCO

this will be discussed further below.

Our PLD films were characterized by x-ray diffraction
(XRD) (Siemens D5000Q atomic force microscopyAFM)
(Digital Instruments Dimension 3100 with NanoScope |l
Electronicg, scanning electron microscopdSEM) (Leica
Cambridge Stereoscan 42@&nd high resolution transmis-
sion electron microscop§fHRTEM) (Philips CM20-FEG in
both planar and cross-sectional vieW{dhe PZT/YBCO and

layers, but varied the PZT and PZ layer thickn&s8, 120,

and 180 nm A schematic drawing of the resulting thin film
capacitor structure is shown in Fig.?3.Superconducting
transition temperatures were determined by susceptibility
measurements with a Magnetic Property Measurement Sys-
tem SQUID magnetometer. With the samples mounted on a
helium flow-through cryostat the capacitanCeof the thin

film structure was determined by an HP 4284A LCR meter

PZ/YBCO heterostructures are epitaxial and single-phase, réer frequencies ranging from 1 to 1000 kHz. The experimen-
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FIG. 2. Cross-sectional HRTEM images @ PZT/YBCO and 50 100 150 200 250 300
(b) PZ/YBCO heterostructures, revealing sharp interfaces as indi- Temperature (K)
cated by the black arrowsc),(d) Properly Fourier filtered parts of
the images marked i@ and (b), respectively, show dislocation FIG. 4. Temperature dependencyspfmeasured at 100 kHz for
networks with density of>10'%cn? close to the interfaces. an fully-oxygenated PZT/YBC@®120/120 nm sample withT, of
91 K.

tal results presented here have been obtained at 100 kHz for
all the samplegsee text beloyw However, despite the fact
that the magnitude of the capacitance anomaly shows someota increase of the dielectric constant %. The hump in

frequency dependence, basically the same behavior in termge gielectric constant around 240 K can be assigned to the
of temperature dependence, onset temperature, etc. was Qfignoclinic phase transition of the PZT.

served for all other frequencies used for the capacitance mea- The results for three nonfully-oxygenated PZT/YBCO

f;[eé?se(arwh?rf f_rrehqeu%?gé -ci?igeggr?:tzuwggr?ebr:%%r:aeiiérgi des’amples with thickness of 60/120 nm, 120/120 nm, and 180/
f ' ) ! 120 nm and one nonfully-oxygenated PZ/YBCO sample
rom the measured capacitanCevith the help of the known (120/120 nm, i ith underdopedYBCO |
area of the electrode, thicknesdd of the PZT or PZ layer, -0 M),_1.€., with underdope ayers, are
and the vacuum dielectric constang via shown |n.F|g. 5. Compared to the fuIIy'—oxyge.nated sample, a
stronger increase~t30%) of the capacitance is observed for
2d-C the 60 nm and 120 nm PZT films, which starsl0 K
&= Aiey (1) aboveT., and reaches the maximum at abdyt[cf. Figs.
5(a) and 8b)]. For the 180 nm PZT film, the anomaly in the
In this paper, we concentrate on the heterostructures witfielectric constant is much weakif. Fig. 5(c)], but closer
underdoped'BCO layers. However, for convenience we re- inspection shows that it exhibits the same dependency.on
produce the results obtained for the temperature dependenas for the thinner films. Thus, we can summarize at this point
of the dielectric constant of an fully-oxygenated PZT/YBCO already that the temperature at which the observed anomaly
(120/120 nm sample, i.e., wittoptimally dopedvBCO layer  happens, depends dip . This suggests a superconductivity-
(T.=91 K) as already indicated abo¥eés can be seen in related mechanism. However, while the anomaly reaches a
Fig. 4, a strong increase of the dielectric constant is observeghaximum atT,, it starts at temperatur€,, which is about
for the PZT film at a temperature roughly about 10 K above10 K higher thanT .
the superconducting transition. The dielectric constant The observed anomaly must originate either from a de-
reaches a maximum at 91 K, which correspondsdg, with  crease ind or an increase ir,, becauses, and A do not
change with temperatufef. Eq.(1)]. A decrease in the “ef-

Au pad Au Au fective” layer thicknessd could be caused by the proximity
® ® T T effect: within a certain depth, the interfacial region of the
PZT or PZ e P77  e—— dielectric becomes superconducting leading to a decrease of

orPZ the effectivethickness of the dielectric layer. A capacitance
YBCO B .
| — change aff; was found for all the PZT samples with differ-
SrTiOs (001) YBCO ent thickness of the PZT layers. In order for the proximity

effect to be responsible for the increase in capacitance for the
FIG. 3. Two thin film capacitors, with PZT or PZ dielectric 120 nm film, more than 30 nm of the PZT film must have

layer, are connected in series by the YBCO layer. Au contacts, Pecome superconducting, which is impossﬂ?le-.lowever,

mm in diameter and 5 mm apart from each other, are deposited o€ proximity effect can be directly ruled out, since, more

the integrated thin-film structure with a total lateral size on 5importantly, its contribution must be very small, as revealed

X 10 mnt on intrinsic, insulating, 1 mm thick SrTidsubstrates. by the PZ samples. No evident anomaly but a very tiny di-
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FIG. 5. Temperature dependency &f measured at 100 kHz for nonfully-oxygenated heterostructures with oxygen deficient YBCO
layers: (a) PZT/YBCO, 60/120 nni,.=61 K; (b) PZT/YBCO, 120/120 nni,.,=57 K; (c) PZT/YBCO, 180/120 nni,,=41 K; (d) PZ/
YBCO, 120/120 nm[,=75 K. There is no observable hysteresis for the cooling, warming cycle and the lower curve is vertically displaced
downward byes =40 for clarity. The results of the susceptibility measurements are shown as insets. The lower (dsshows the small
change ofe, around 75 K by subtraction of the lineaT) dependence and a vertical expansion by a factor of 20.

electric kink close tdr; can be identified for all the three PZ PZ we have to recall their properties. The phase diagram of
sampleqcf. Fig. 5d), and see text belojvWeak ferroelec- Pb(Zr, _,Ti,)O3 shows (below about 500 K a variety of
tricity in the PZ filn?® may contribute to this tiny dielectric phases® The material is orthorhombic and antiferroelectric
kink, too. Nevertheless, any possible contribution of thefor x=0 (P2); with x increasing, it becomes rhombohedral
proximity effect must be very small. STO undergoes an anferroelectric close to 0.1 and exhibits a so-called morphotro-
tiferrodistortive phase transition at low temperature and ongic phase boundary between the ferroelectric rhombohedral
might suspect that this maybe related to the observednd ferroelectric tetrahedral phase at arowd0.5. The
anomaly. However, the phase transition of STO occurs at 10ferroelectric phases are, of course, also piezoelétaiw an
K (Ref. 29 and is a prototype of a second-order phase tranexternal stress will change the electric polarization and thus
sition, with a slow and continuous change of the STO latticethe dielectric constant and the measured capacitance. Impor-
constants with decreasing temperattr@hus, there is no tant for our present approadhijs is not the caséor the AFE
sudden variation. Furthermore, whereas the STO phase tra(Ref. 27 phase of PZ which is centrosymmetric and thus not
sition occurs at around 105 K, the anomaly which we ob-piezoelectric. In our opinion, the only explanation left for
serve scales with th&. of the YBCO films within a range of explaining the jump in the dielectric constant for the FE
41-91 K. This leaves as the only explanation a change of material at the superconducting transition is a change of
in the dielectric film at the superconducting transition. stress, the magnitude of which we will estimate in the fol-
In order to understand the different behavior for PZT andlowing.
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The Gibbs free energy per unit volume of piezoelectricscf. Figs. §a) and §b)]. Obviously, the PZT film represents a
can be expressed &2° very sensitive probe for stress changes in the YBCO film.
Employing the elastic constants of YBCO at room
G=Gy+ 2 lEi . Pi) + 2 EF . Si) temperaturé® we estimate a strain change 0k30 * in the
T\2 T \2 YBCO layer associated with this stress release. The same
2 2 calculation reveals a release of stress~a20 MPa in the
=Go+2 iJr F_' 2) fully-oxygenated 120 nm PZT layécf. Fig. 4.

T 2x0 T 2Cj The 180 nm thick PZT film exhibits at room temperature
with the ground state free ener@yp, electric fieldE,, po- e highest, value among all the three samples of different
larization P, , stress tensoF,, strain tensoiS,, and elastic PZT I_aye_r th|ckness._Th|s is an |nd|cat|on_ that the thicker
constants;; . Under a weak electric field, the inverse dielec- PZT film is much lesgin our case compressivelgtressed at
tric susceptibilityy ~* equals (?ZG/&P?Hp:o, then, room temperature..Thls is, in facF, expected for any _ep|ta?<|al

systems. The strain energy, which accumulates with thick-
ness, is reduced by the formation of dislocations. Thus, the

G P 1 JF; thicker the epitaxial films become, the less they are con-
JP; = X_o+ .2;' C_u P, Fi, (3 strained by the substrate. For epitaxia,8a_,TiO; (BST)
thin films®32it was recently found that the dielectric con-
and thus, stant of the BST film depends on itsaxis lattice constant
and defects inside the films. In accordance with our reason-
) ) ing above, it was suggested that the release of the internal
Ez i+ i ‘9_':' , (3_':'> (4) stress in the thicker BST films is the reason for the increase
X Xxo T7cijlopz ' \dPi] | of the dielectric constant with layer thickness. Thus, for our

180 nm PZT film, we observe a smaller release of the stress
close to theT, [cf. Fig. 5c)], since the amount of internal
stress is already drastically reduced in comparison with the

thinner films.
It is obvious that thel)F; /9P, term in Eq.(3) equals zero . . .
for the AFE, and therefore an external stress field does not The underlying mechanism for the stress change is not

introduce any significant change of the dielectric constant?onduswely established, however, our present investigations

However, for piezoelectric materials such as ferroelectricssgne]de?gﬂfellglzgg%t' v-\I/-irt]r? z;ar?:at)z?r:ut:mea?()frg ?Igo?:]a{;z ata
an external stress induces a stress-proportional change of tﬁetir%al dooed and thia underdoned YBCO Elearl relates the
dielectric constant. For PZT, a compressive stress in theP P ! ped ¥ iearly .

. 16 1y e i . . éffect to the superconducting transition. A simple change in
a/b-plane will decrease, .™ It is important to realize at this the elastic constants cannot be the reason sisteninaof
point, that the epitaxial PZT and PZ films on YBCO are 9

. 33 ._
compressively stressegiven their larger lattice constants. g;l?t Shae?arttri‘ggdcli)lﬁzt:nﬁgﬁgaveedir??few\'(ng?lé;t)Lh;Jszzssl
The enhancementf &, which we observed means that the Y 9 y

" ; 34
lateral compressive stress componepisHeleasedn the FE a struclyﬂrzlal tranh5|t|on_ as, er.]g.,. rzportgd by_Me|hn@siI., b
film,%® whereby the polarization of the FE is influenced in IS not likely, either, since the induced strain change can be
such a way that the dielectric constanie 1+ v— S estimated to be<1x 10 ° much smaller than what we
ncreases ir): the-direction =1+ x=23420  opserve. Another explanation is a “plasticity enhancement”

. in the superconducting state, i.e., the movement of disloca-
We notice th?.lt’ for _nonfully-oxygenated PZT/YB(.:O PLD tions, which requires also a redistribution of electric charge,
samples, the dielectric hump at around 240 K disappear

. . ) Zan occur more easily in the superconductin state, thus
This suggests that without oxygen annealing after the deFKTeading to a softeningyof the mateprial. We beligve that this

sition of PZT not only the YBCO layers are oxygen deICIent’mechanism may best explain our experimental observations:

but that a higher density of defects may be present in th?l) For all the samples studied, which have an identical

PZT layers. This assumption is supported by the high density : )
of dislocations observed by HRTEM. Furthermore, it is thickness of the YBCO layers, an equal release of the re

known that vacancies in the PZT ceramics increase the m sidual stress inside the YBCO layers at aroundis ex-

- ) cBected.(Z) Because PZ is in principle not piezoelectric and
g{'r';ﬁsote?g;nggrﬁﬁ ?gfgped ifthrlri\ydﬁg:et?esil}rhperi;ir:gestﬂgltdtrfgrthUS not sensitive to a stress change, no evident change in the

. ielectric constant can be obsenjetl Fig. 5d)]. (3) For the
amount of stlress relleased n trlle non_fully-oxygt_anated_I:]Z ZT layers, the stress release, as determined from the change
t\;]z?l?" s_z(a)Tp 2?];;3 22?5[;]«'8;?362 |2n<éog)p]>arlson WIth i dielectric constant, is of different magnitude for the 60 nm

F y Eyg4 P t'. tg :[h 't.d f st PZT, the fully-oxygenated and the nonfully-oxygenated 120
rom. g.(4), we can estimate the magnitude of stress,,, PZT, and the 180 nm PZT, because of the differences in
release in the PZT. With a change inx1i.e., (1/)()|T>Ta the domain-wall mobilityfcf. Figs. 4 and &)] and the much
—(Ux)77,=0.001, c5=134 GP&® and Q3=2.0 |ower internal stress in the thicker filnisf. Fig. 5b) and
m*-C~2,%° we calculate a release of stress=e¥0 MPain  5(c)]. A change of threshold for inelastic deformation has
the nonfully-oxygenated PZT layef$0 and 120 nm thick, actually been reported to happen for YBCO ceramics around

in which oF;/9P; and 9°F; /aPi2 are the piezoelectric strain
constantg);; and the electrostrictive coefficien; , respec-
tively.
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the superconducting transition temperattifénally, the rea- while basically no changes can be observed for Au/PZ/
son for our finding that this anomaly commences already at ¥ BCO. A very small kink for the antiferroelectric, nonpiezo-
temperature several degrees abdyes not clear at the mo- electric PZ can be assigned to the proximity effect or inter-
ment. However, note in this context that the electron—phonoffacial ferroelectricity of the PZ layer. By varying the
coupling, reported recently for HTS cuperates, was found tqransition temperatures of YBCO in the range of 41-91 K,
persist at temperatures significantly higher tign®° we showed that the capacitance anomaly clearly scales with
In conclusion, by employing piezoelectric PZT as a probe;t | starting about 10 K aboVE, in all cases. The PZT layer
we observed a pronounced change of capacity in our inteapresents a very sensitive stress sensor and the anomaly is
grated capacitor mlcr?srt]rugt;rc(:ecs) at LhehsuPerCO”d_”Ct'”g,trr]a'ﬁ'onsistent with a stress change of up to 70 MPa, which cor-
sition temperatures of the , which we associate wit ; —4
change of stress in YBCO close Tq . We corroborated this aresponds to a strain change ok30 ~ in the YBCO layer.
assignment by comparing the dielectric response of PZT and
PZ thin film capacitors at the superconducting transition of This work was supported by the German BMBF under
YBCO electrode layers with different transition tempera-Contract No. SE8GUAS5. Skillful technical assistance by
tures. The dielectric constants of Au/PZT/YBCO integratedGisela Siegle, Eva Baher, Wolfgang Stiepany, and the tech-
thin film capacitors were found to increase, up~30%, nology group of H.-U. Habermeier at the MPI-FKF was in-
starting at a temperaturee10 K above theT. of YBCO,  strumental in this study.
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