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The effects of epitaxial strain in ultrathin YB@u;O,_ 5 layers have been investigated by x-ray diffraction
and transmission electron microscopy. The samples used were high quéBs,Cu;0;_ s (YBCO)y/
PrBaCu;O; (PBCO)y 11000 A SUperlattices, grown by high oxygen pressure sputtering, Wittanging be-
tween 1 and 12 unit cells and =5 unit cells. Superlattice structure is refined by fitting x-ray spectra to a
structural model containing disorder related parameters. Epitaxial mismatch strain and the absence of step
disorder are found for YBCO layer thickness below 4 unit cells. A surprising reorganization of interatomic
distances results, which seems to correlate with the decrease in the critical temperature. For larger YBCO layer
thickness, stress relaxes and step disorder builds up. Transmission electron microscopy observations show the
presence of-axis orientated microdomains, which seem to be correlated to the release of epitaxial strain,
provided in plane mismatch is smaller in this orientation.

[. INTRODUCTION herent interface, which minimizes the interface energy. This
strain may not only modify in plane lattice parameters, but
There is wide evidence on the important role played byalso may result in a lattice distortion along the out of plane
structure on the superconducting properties of higheu-  direction. According to the Poisson effect, film growth on a
prates. A large number of studies have been devoted to studubstrate with slightly smalldtarge) in plane lattice param-
the structural behavior of these complex oxides under extereters may lead to a compressi@xpansiohin theab plane
nal applied forces, such as uniaxial strains or hydrostatithat can result in an expansidoontraction in the out of
pressuré;? or cation substitutiodl, looking for correlations plane directior?. On the other hand, as the layer thickness
between structural rearrangements and changes in the criticiicreases, the stored strain energy becomes so large at the
temperature_ The main point of interest iS to f|nd What intra_critical thickness that misfit diSlocationS become .ene.r.geti'
cell distances are relevant to the mechanism of supercondu€@lly favorable to relax the crystal strain. When this critical
tivity. Structural changes may seriously influence the superthickness is exceeded, the lattice relaxes to its own lattice
conducting properties of ultrathin epitaxial films. When constants, and a new .dISFI’IbUtlon of structural defect§ arises.
reducing the layer thickness down to a small number of unit It is clear that quantitative structural investigations includ-

cells, lattice mismatch to the substrate may seriously aﬁect g dr'f)ogi‘;;;eol?telgam;amﬁ::r;_?;e g;;gg;'g&g;;?gjsmnd
structure, in the form of epitaxial strain. The net effect of prop : y

epitaxial stress will result in a strain pattern not attainabIenondesmmtive widely used technique to analyze structure,
b P . Wwhich supplies structural information on the atomic scale,

under hydrostatic pressures or the superposition of uniaxi veraged over a length scalstructural coherence length

strains” On the other h'and, step disorder may cause thaRlvhich may be around hundred angstroms. The extraction of
although the average thickness may stay at the desired valugy anitative information requires the fit of the diffraction pat-
layer thickness quc_tuatlons may locally breal_< the contlnw_tytern to a structure model containing a large number of pa-
of the layer, affecting the transport properties of ultrathinpgmeters in these complex materials and therefore, results
layers. Strain induced structural modifications should be conmay not be very reliable for single epitaxial films, which
sidered when trying to address this issue. Anyway, from thisyally show a reduced number of diffraction peaks. In the
starting point, Locqueet al. have been able to double the ¢case of ultrathin films the x-ray diffraction pattern gets more
critical temperature in the LaSr ;CuQ, high-T. supercon-  and more featureless when thickness is reduced, and struc-
ductor using mismatch stratThey show that compressive ture refinement becomes meaningless. An alternative ap-
in plane epitaxial strain can generate much larger increasggoach towards the study of this problem consists of an
of T, than those obtained by comparable hydrostatic presanalysis of ultrathin superconducting films in superlattice
sures. structures. Superlattice configurations provide a sensitive

In presence of lattice mismatch there are two main growttsource of quantitative structural information through the re-
modes depending whether thickness is above or below finement of x-ray diffraction spectra. Complementary, trans-
critical value,t.. For layer thickness below, there is a mission electron microscogif EM) supplies real space mea-
pseudomorphic growth of the film on the substrate, through surements of the microstructure with a spatial resolution
deformation of the crystal lattice. In this way, if the misfit about a few angstroms. Thus we have a structural probe to
between a substrate and the growing epitaxial layer is suffistudy the atomic structure of defects and their distribution at
ciently small, the first atomic layers which are deposited willshort lateral scales which complements the averaged struc-
be elastically strained to match the substrate through a cdural data provided by XRD.
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In a recent Letter, we have reported on epitaxially
strained YBaCu;0;_ 5 (YBCO) layers in
YBa,Cu;0;_ 5/PrBaCu;0, (YBCO/PBCQO superlatticeg.
Since in plane YBCO lattice parameters are about 1%
smaller than those of PBCO, then YBCO layers sandwiched
between PBCO show significant epitaxial strain. In this
work, apart of presenting additional XRD data complement-
ing the previous reportwe report complementary transmis-
sion electron microscopy observations, we have examined
the appearence of step disorder for sample thickness above
the critical value, and discussed the effect of epitaxial strain
on doping. We analyze the structure of ultrathin layers with
thickness decreasing from a hundred angstroms to one unit FIG. 1. Low angle x-ray diffraction pattern of a
cell. Although the thickness dependenceTgffor very thin ~ [YBCO;/PBCQ 1900 A SUperlattice. Finite size oscillations corre-
layers has been widely discussed in recent f,m’ issue of sponding to the total thickness can be observed, pointing to a very
the superconductivity of a single unit cell has been long deflat.surface. The well defined low angle superlattice peaks indicate
bated and remains an open quesﬂé?lOur study indicates a high structurgl perfection of the super_lattlce. Low angle superlat-
that epitaxial strain for YBCO thickness below 4 unit cells, tice peaks are md_exed &s and the satellite peaks around (981

. . L Bragg peaks are indexed as
causes important changes in interatomic distances. We pro-
pose that these structural modifications may be partly re-
sponsible for the changes in the critical temperature. The IIl. RESULTS AND DISCUSSION

possibility of overdoping of the CuOplanes as a conse-  \hile a structural analysis of single epitaxial films by
quence of structural rearrangements is examined, althoughrp is limited to obtaining lattice parameters along the
deoxygenation of epitaxially strained superlattices rules Ouerovvth direction, artificial superlattices are very adequate
this chance. While samples with thickness below the critical ystems to study the structural implications of strained

value (4 unit celly show no step disorder, pointing to & 2D growth for two central reasons. First, a modulated structural

growth mechanism, structure relaxation for thicker layers resirain profile can be obtained varying the relative thicknesses

sults in the appearance of step disorder. This probably trigaf the components. And second, the structural modulation
gers a change of the growth mechanism into 3D. Transmisiroduced by the artificial periodicity results in a feature rich
sion electron microscopy(TEM) observations are also xRrp pattern, which makes a spectrum refinement reliable.
reported to look at the local nature of defects. Figure 1 shows a low angle diffraction spectrum for a
[YBCO,/PBCQ]1000 A Sample. Low angle spectra are sen-

sitive to the chemical modulation of the layers through the

Il. EXPERIMENTAL change of the refraction index from layer to layer. Finite size

poscillations can be observed below and around the first
Bragg peak(inse) corresponding to a total thickness of

a high pressuré3.4 mbar pure oxygemmultitarget sputter- 1000 A. This i§ an igdication of a surface planitude of the
ing system. High pressure oxygen atmosphere yields a Ve|?,rd_er of one ur_nt celt? Sharp satellite p(_aaks from th_e super-
thermalized growth at a very slow rate, 0.13 A/s for YBCO, attice modulation are observed, denotmg.very flat interfaces
which allows an accurate control of film thickness. Substratd&tween YBCO and PBCO layers. Rocking curves around
temperature was held at 900 °C. The thickness of the PBC®e (005 peak, showing FWMH as small as 0.1-0.2°, point
layer was fixed at 5 unit celle~60 A) while the thickness of t0 @ very small mosaic spread in single films and superlat-
YBCO layers was changed from 1 to 12 unit cells. Thetices.® scans around th€l02) reflection show a perfect in
YBCO, /PBCQ; motive was repeated up to a total thicknessplane matching, not allowing to resolve between YBCO and
of 1000 A. The growth began always with PBCO layer, pro-PBCO lattice parameters.

vided PBCO shows a smaller lattice mismatch to Safout High angle spectra are shown in Fig. 2 with the corre-
0.5% in a and 1% inbthan YBCO. High angle XRD spectra sponding fits for[ YBCOy/PBCQy]1000 4 Samples withN
were analyzed using the SUPREX 9.0 refinement progfam, =1 [Fig. 2@] and N=8 u.c. [Fig. 2(b)]. The refinement
which allows obtaining not only fractional unit cell positions curve, displaced vertically for clarity, shows an excellent fit
of the different elements in the c direction, but also disordetto data. The confidence factor of the fi2, was highly sen-
related parameters such as step disorder, interdiffusion, intesitive to the values of the fitting parameters, and was tested
face strain, etc. Cross section specimens for transmissicio sit at a meaningful mimimum for their final value. To
electron microscopy were prepared by mechanical grindingexclude local minima in the multidimensional space of solu-
dimpling and argon ion milling with an acceleration voltage tions the sensitivity of? to different intracell distances was
of 5 kV and an incidence angle of 8°. HREM studies werechecked(see Fig. 3. This was done by manually displacing
carried out in a JEOL 4000 EX microscope, operated at 408ingle parameters from the final value in both directions,
kV and in a Philips CM200 field emission analytical electronmonitoring the increase iy?. Negligible small interdiffu-
microscope operated at 200 kV and equipped with a doublsion was found at the interfaces<6% in the first layer.

tilt beryllium holder. Random step disorder was negligible for samples with
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The samples for this study were epitaxial YBCO/PBC
superlattices grown oflLl00) SrTiO; (STO) substrates using
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FIG. 2. XRD spectra forfa) [YBCO,; /PBCQ]000 4 and (b) 20 B
[YBCO3/PBCQ]1000 4 SUperlattices together with their fits, dis- 0 20 40 60 80 100 120 140 160
placed two decades vertically for clarity. Extra peaks due to CuO YBCO THICKNESS (A)
precipitates present in the sample are marked for clarity, together
with the (100) substrate peak. FIG. 4. Dependence of . and c parameters on YBCO layer

thickness, being PBCO thickness fixed in 60(# unit celly. Dot-

YBCO layer thickness below 3 unit cells, and was found toted lines represent the typical 1000 A thin film values.
show up for thicker layers.

For the thinnest YBCO layers interface mismatch strainceptibility and values agreed within 2 K. It is widely ac-
may play a major role in determining the structural details.cepted that coupling through PBCO layers, and proximity
We found a systematic and monotonous increase ofcthe effects, enhance superconductivity in superlattices. In order
parameter when YBCO layer thickness increases from 1 t&0 check the effect of coupling through PBCO, we measured
12 unit cells, approaching the value reported for singlethe critical temperatures of a set [ffBCO; /PBCQ,]1000 A
1000 A thick films (see Fig. 4 PBCO lattice parameter, Samples, with PBCO thickness increasing from 1 to 20 unit
however, remained practically unchanged. In plane PBC@ells. Samples were superconducting with a critical tempera-
lattice parameters are larger than those of YBCO by aboutre depending on the thickness of the PBCO spacer as
1%. Therefore, thin YBCO layers sandwiched in betweershownin the insetof Fig. 5. It can be observed that above 4
may show in plane expansion and eventually out of p|ané_"BCO unit cellsT . becomes independent of the spacer thick-
compression. In plane expansion of YBCO due to latticeness, as reported previousfyFor the samples of this study
mismatch for layer thickness below four unit cells has beerwe held PBCO layer thickness in 60 A, approximately 5 unit
recently established in YBEu;O;_ 5.3 Increasing YBCO  cells, so, as discussed later, we can discard coupling effects
thickness would relax epitaxial stress when the critical thick-as a source off ; variations when changing YBCO layer
ness, 3 or 4 unit cells from Fig. 4, is exceeded and YBCCthickness. TheT, of [ YBCOy/PBCQ]1g00 4 SUperlattices
would tend to recover single film lattice parametéistted — decreases with the number of YBCO unit cells as depicted in
line in the figure are lattice parameters of typical 1000 AFig. 4. T, values agree with previously reported data on
thick films). similar superlattice$>1®

Figure 5 shows resistance curves for representative Additionally, interdiffusion could also be invoked to ac-
[YBCO,/PBCQ;]1000 4 SUperlattices witm=1, 2, 4 and 8 count for the depression of the critical tmperature when the
unit cells. Sharp superconducting transitions can be seen IMBCO thickness is reduced. It is well known that that a 45%
all cases. The critical temperatufe was determined using (atomig Pr interdiffusion into the first YBCO layer, would
the zero resistance criterion. It was also measured by ac suggsult in aT. of 30 K for the resulting alloy? Intriguingly,
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FIG. 3. x? sensitivity to main intracell YBCO distances aloag FIG. 5. Resistance curves pYBCO,/PBCQ;] g0 4 SUperlat-

direction[squares: Y-C(2) distance; circles: @)-Ba distance; tri-  tices withn=1,2,4, and &from bottom to top. Inset: T, values for
angles: Ba-C(1) distancé. A common minimum is obtained when [YBCO,;/PBCQ,]1000 4 Samples withm (PBCO spacerranging
varying manually one of them, keeping the rest fixed in their re-from 1 to 20 unit cells. Coupling through PBCO is found to saturate
spective final values. for PBCO layer thickness over 3 unit cells.
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interdiffusion of PBCO into the YBCO layer. Dots are experimental YBCOTHICKNESS )
data. The depression of the intensity of high order satellites is out-

! ; FIG. 7. Changes in the main YBCO intracell distances along the
lined (dotted ellipses

¢ axis when varying YBCO layer thicknesg§a) Distance from
he planes to chains(b) Distance between neighboring Cu@lanes.

this value is very similar to Fhe one obtained for t (c) Plane to barium(d) Barium to the chain. Dotted lines are the
[YBcollpBCOD']lof_)O_A Su_perIaFtlce_s. Our samples, how' corresponding bulk values after Ref. 19.
ever, showed negligible interdiffusion, less than 5% in the

first layer. The SUPREX software is sensitive to interdiffu- C..=138 GPa). If we again assume that for the 1 unit cell
sion, which is accounted for taking a weighted average of theBCO samplee, and ¢, are those expected from the lattice
scattering powers of the constituent materfals> Simula-  mismatch to the PBCO, a value for thdattice parameter of
tions of the effect of increasing such chemical disorder up ta11.51 A is obtained, which is close enough to the 11.49 A
25% in the first layer are depicted in Fig. 6, showing how thepbtained from the x ray fits, if one keeps in mind that films
intensity of high order satellites is substantially depressedshow shortec lattice parameters than bulk samples. It turns
Thus, interdiffusion should be discarded as a sourceTfor out that although the Poisson effect may hold for the lattice
reduction in our ultrathin superconducting layers. parameters as a result of in plane lattice mismatch between
From the observation of Fig. 4, the changeJirseemto YBCO and PBCO, its effect is not strong enough to account
correlate with those of the lattice parameter, and it may be for the drastic decrease observedfinwhen the thickness of
then tempting to explain the effect of epitaxial stress in termsyBCO layers is reduced. We want to stress that Thee-
of the results of hydrostatic pressure or uniaxial strain exduction when YBCO thickness is decreased is not a super-
periments. It is well known that YBCO shows an anoma-|attice effect. The sam@&,, and structural results obtained
lously low T, dependence under pressure, probably owing tdor 5 PBCO cells were obtained for thickéup to 20 unit
the opposite dependencies on uniaxial stresa andb di-  celly PBCO layers. Moreover, single YBCO layers sand-
rections in plane, dT./de,=+212 K and dT./de,  wiched between 20 PBCO cells showed the sdinas the
= —244 K" We can use these uniaxial strain dependenciesuperlattices, although for these samples the structure could
of T, to estimate roughly th&, changes expected from the not be refined. This means that whatever the influence of
observed strains in YBCO/PBCO superlattices. Assumingpitaxial strain within the superconducting layer is, it is the
that the structural changes for the one unit cell YBCO supersame for superlattices and single films for PBCO thickness
lattice would occur as a result of an in plane expansign over 5 unit cells.
=0.007 ande,=0.011 due to matching with PBCO, the ex-  However, aside from changes in the lattice parameters,
pected decrease df, would be of 1.2 K. Concerning the the overall stress pattern gives rise to very significant and
1.42% decrease in the lattice parameter, sincdT./de;  inhomogenous changes in the intracell distances, which
=—8 K, a very small increase is expected on the base omight be responsible in their own for the changes in the
uniaxial strains. It is clear, therefore, that the superpositiorsuperconducting properties. Figure 7 gathers the changes in
of the equivalent uniaxial strains of the lattice parametersome significant intracell distances in thedirection, like
due to epitaxial stress can be ruled out as a possible source séparation between consecutive Guyanes, distance from
the changes T, when the YBCO thickness is reduced. the planes to the barium ion, from the barium to the chains
However, it is worth stressing that in plane and out of planeand distance from planes to chains. Error bars describe the
strains have different signs, a situation impossible to achieveange over which the goodness of the fit did not significantly
under hydrostatic pressure. Another point of interest ihange, i.e., the width of the? minimum at a 3% increase.
whether the Poisson effect holds in this system as a result @otted lines in the figure mark the values for the correspond-
epitaxial stress. Since there are no external forces applied ing distances for bulk samples. The important new result is
the superlattice, the perpendicular components of sirgss that epitaxial stress causes very nonhomogenous strain in the
must vanish. The equilibrium condition should then e  YBCO cell when the thickness of this layer is reduced up to
= —(Cca€at Ccpep)/Cec. If both €, and €, are tensile, a 1 unit cell: the distance between Cu@lanes decreases
compressive effect is expected ép, according to the Pois- (3.8% when the thickness is reduced and the barium ap-
son effect. An estimate can be done using the elastic modupiroaches the chaing%,) and moves away from the planes
determined by Leet al'® (C.,=89 GPa,C,,=93 GPa, and (3%). Meanwhile, the change in the lattice parameter is
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only of 1.42%. When the thickness of the YBCO layer is
increased intracell distances get close to bulk material val-
ues. In fact the fractional atomic positions in the unit
cell in the thicker YBCO [YBCOg/PBCQ]ggp 4 and
[YBCO,,/PBCQ]1000 4 SUperlattices, were in agreement
within 0.5%, with those reported for bulk samples from neu-
tron data? While separation between Cy®lanes and the
distance between the barium and the chains become smaller JL'L
under epitaxial stress, as qualitativébut not q_uantitatively Ob 20 80 130 160
expected from the Poisson effect, the opposite happens to the

distance from the barium to the planes. It is worth remarking YBCO THICKNESS (A)

that, although quite large, structural changes are not unreal- g g, step disorder versus YBCO layer thickness. For YBCO

istic. _ _ _ thickness under three unit cells, step disorder is negligible. When
According to the values of the elastic modtfithe 1.42%  increasing YBCO thickness over the critical one for strain relax-

change in thec lattice parameter is the one expected for anation (3—4 unit cell the step disorder arises.
uniaxial stress in the order of only 2 GPa along this direc-

tion. For YBCO layer thicknesses larger than 3 unit cells epi-
Concerning the distance between consecutive LuOtaxial strain is found to relax, and lattice parameters and
planes which decreases by 3.8% when the YBCO thicknesgtracell distances approximate the reported values for
is reduced, it increases by a 4.9% when the rare earth iBCO thicker samples (1000 A). The release of elastic
substituted from Y to Nd, increasing the ionic radius by astrain above the critical thickness is followed by a gradual
factor of 1.088" increase in step disorder at the interfaces, probably as a result
The distance between the CuO chains and the bariunyf a change in the growth mode from 2D to 3D islands. Step
decreasing by 4%, is also known to show a large changgisorder is quantified by the SUPREX software assuming a
when oxygen content is reduced. In fact this distance inGaussian layer thickness fluctuation around a mean value
creases by 5% in going from the fully oxygenated YBCO towith standard deviatior. While o was found to be zero for
the antiferromagnetic insulator YB@u;Op.?° the epitaxially strained YBCO layersN& 3), increasing
Such changes in intracell distances may have drastic efyBCO thickness above 4 unit cells resulted in an increase of
fects on the electronic structure affecting carrier concentrathe step disorder parameter, up to values of 0.7 for the
tion (doping or chain to plane charge trangfén particular, ~N=12 sample. Multiplyinge by the value of thec lattice
the changes in the position of the Ba ion may modify theparameter gives the mean interface roughness averaged in
position of the apical oxygen affecting charge transfer. Ajength scales of the order of the structural coherence length.
simple reasoning in terms of electrostatic interaction woulq:igure 8 shows the interface roughness dependence on
suggest that Ba atom approaching the chains may point t9BCO layer thickness. Error bars denote the interval within
overdoping arising from epitaxial strain. In fact in oxygen the refinement does not seem to be sensitive to changes in
depleted underdoped samples Ba goes away from the chaiffie random layer thickness fluctuation is responsible for the
when oxygen is removed: for example, for an oxygen congpsence of high order satellite peaks in the XRD spectra of
tentx=6.6, the Ba atom changes its position by 2.7% apsamples with the thicker YBCO layers, as depicted in Fig. 2.
proaching the plan€sThis value is well in the range butin |n order to further analyze the nature of structural disorder
opposite direction to the changes observed in strained layergenerated by strain relaxation at a local scale, we checked
In order to elucidate the possibility of overdoping we havethe films by high resolution electron microscopy. Cross-
obtained a series of deoxygenatfdBCO;/PBCQ]i0004  sectional samples were studied with YBCO layer thickness

superlattices. Oxygen content was adjusted in as growghanging in the desired range. Low magnification images
samples byex situheat treatments in controlled oxygen pres-

sure following a stability line of the pressure temperature
phase diagram. For other samples oxygen compaosition wa
adjusted in situ during sample cool down after sample
growth?! No difference was observed between both proce-
dures.c lattice parameter was found to increase when oxyge
content was reduced, as usually observed in YBCO singl
films. Intracell distances changed upon oxygen removal, fol-
lowing similar trends than those reported for oxygen de-i

pleted bulk sample$.Annealing of the oxygen depleted - ,hm,’“mm
samples in pure oxygen at one atmosphere and at 550 ° e L PRI AN
completely recovered the initial structure ahgof the fully (a 120 & (b)
oxygenated strained superlattice, showing the reversibility

and control in the process. On removing oxygen, critical |G, 9. (a) HREM image of & YBCO, /PBCQ]1000 4 SAMple,
temperatures were found to decrease in all cases, similarly {@ith the c-axis perpendicular to the electron beam. An antiphase
oxygen defficient YBCO thin films, definitely discarding boundary with a displacement af/3 along the[001] direction
overdoping as a source @i, changes in strained ultrathin emerging form a substrate step is marked with arrofvs.High
layers. magnification image of the same sample.
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laxed superlattices, might be connected to the relaxation of
the epitaxial stress. In fact, the lattice mismatch between
YBCO and PBCO forc oriented growth(0.7% and 1.1%
alonga andb axis, respectively is reduced to 0.5% along
thec direction (c/3) for a-axis growth. It is also worth noting
that in this orientation, the difference between STO lattice
parameter and PBC@'3 length is only of 0.05%, therefore,
we speculate that the apparition afaxis oriented micro-
E twins might favor a reduction of the interface energy in re-
(a) 1008 ®© A laxed YBCO layers.

In summary we have shown that to some extent epitaxial

FIG. 10. () HREM image of § YBCOg/PBCQ;]1000 4 Sample.  Stress may be complementary of pressure or cation substitu-
(b) a-axis oriented microdomains. tion in producing internal strains affecting supercon-

ductivity. Superlattice x ray fitting of high quality

show the lateral uniformity of the layers over length scaleg YBCOn/PBCQs]1000 4 Samples allows obtaining precise
larger than thousands of angstroms. Figure®) 9and mfolrmgtlon about ep|f[aX|aI strain in YBCO Iaygrs. Intrqcell
9b) show images from an epitaxially strained strain increases contlm_Joust when YBCO_ thickness is re-
[YBCO, /PBCQ]1000 4 Sample. Figures 18) and 1ab) duced.down to'oneT unit cell. Deep nonuniform c_hanges in
show images corresponding to th¥BCOs/PBCQ,]1000 & some interatomic distances have been_ found, WhICh seem to
unstrained superlattice. The latter images were taken with th%orrglate W'th the decreasg l?ﬁ w hen thI.C|.<neSS IS red.uced.
sample[100] direction tilted a few degrees out of the beam In this cor_npllcated scenario it is very d|ff|(_:ult to _ascnbe the
direction to enhance the contrast features. Although the Con{:__hanges inT ¢ to_the ch_an_ges n any_partlcular Interatomic
positional contrast between both materials is hard to observ%'s.tance' Eplta>.<|al strain is released in layers thicker than 4
due to the structural similarity of YBCO and PBCO, the umt cells, showmgllattlce pa}rameters clqse to thpse found for
fluctuation in YBCO layer thickness is noticeable, confirm- thicker (1000 A) films. While no step disorder is found for
ing the presence of random step disorder for epitaxial straiffe Straineéd layers, suggesting a 2D growth mechanism, re-
released YBCO layers. Antiphase boundaries were observeg<€d samples show a random thickness fluctuation which

in strained and relaxed samples as a result of substrate steggght b? .connected_ to a 3D growth m°9'e- Although at
one unit cell high ¢/3). Figure 9a) shows a typical conser- resentitis npt'possmle to conclu.de ona d'Te‘%t effect on the
vative antiphase boundary with a displacement/@f along superponducthlty mechanism, _ep_ltaX|aI strain Is a source c_>f
the [001] direction, emerging from a substrate step and raisauite mhomogeneus changes in mt_racell lattice distances in
ing up to the film surfacea-axis oriented microdomains ultrathin YBCO. layers. Such nonu.nlf(_)rm structural cha_nges
were found in superlattices with a relaxed structisee Fig. must be taken into account as extrinsic factors when trying to

10), not showing up in the strained samples. Although thisexplain the decrease in the critical temperature of ultrathin
a-axis orientation is known to appear at substantially IowerYBCO films.
growth temperatures (600 °C), we would never expect this
growth mode at our high substrate temperatures (900 °C).
a-axis growth provides a path for a reduced lattice mismatch, Financial support from CICYT Grants No. MAT94-0604

and the wide distributions of these defects appearing in reand No. MAT97-0675 is acknowledged.
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