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Interplay between the vortex phase coherence and extended disorder defects in the vortex-liquid
regime of thin films and superlattices of 123 superconductors
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a-axis oriented (Cu@ planes perpendicular to the substjdiems and superlattices grown on cubic sub-
strates show a structure with 90° microdomains. The microdomains are grains with a 90° rotatioo aXithe
In the vortex liquid region, this microstructure induces a change from the usual three-dimer(8ibpal
behavior of the anisotropy toward a 2D behavior, in a temperature range above the usual crossover from 2D to
3D. Moreover, when the thickness of the superconducting part of the multilayers becomes &mnalfethe
same order @g¢han the microdomain size the 3D dimensional anisotropy behavior is recovered.

A real vortex matter could be studied in high-temperatureThe most relevant structural characteristic aséxis films,
superconductoréHTS'’s) with a rich variety and still not well grown on cubic substrates, is a microstructure with micro-
understood vortex phasésThe associated phenomenology domains of average size around 20 nm with 90° boundaries.
(vortex glass, Bose glass, splayed glass, vortex liquid, meltfherefore, some experimental care has to be taken with the
ing, lock-in transition, and so gmreflects a complex inter- geometry of the experiment. We have followed a similar
play among the structural anisotropy, disorder, and small coexperimental geometry that Triscoe¢al® The films were
herence lengths. The high temperature at which the vortegatterned with bridges making a 45° angle with the direction
matter can be studied is crucial to that phenomenology. of the CuQ planes, and, in our case, the macroscopic current

Recently, several authors have reported the effects of difand the magnetic fields are perpendicular to each dtioer-
ferent types of defects on the vortex liquid behavior in singlestant Lorentz force configuratipnA simple correction has to
crystalg and melt textureti123 cuprates. Lopeat al>found  be used in the anisotropy expressions to relate the value of
strongly entangled vortex liquid in single crystals governedthe angled between the film normal and the applied mag-
by pointlike disorder; Puigetal® found that random netic field H and the anglep, betweenH and the Cu@
quenched and correlated disorders compete in the liquiglanes, see Uez et al® It is worthwhile to stress that high-
phase of melt textured YB&u;O; composites. resolution-transmission electron microscopy in @Jaxis

In this paper we focus on the effect of the interplay be-flms and superlattices have shown the typical 90°
tween extended disorder defects and the vortex phase cohenicrodomains, and that in the case of the superlattices, re-
ence lengths in the anisotropy and dimensionality of thinfinement of the structure from x-ray spectra shows that the
films in the vortex liquid regime. We report anisotropy ef- interface step disorder is around 1 unit cell and the interface
fects in the liquid vortex phase of the 123 superconductingdiffusion is 20 percent’ values very similar to the values
cuprates. In general, dimensionality and anisotropy problemebtained inc-axis superlattice$
are ruled by the interplay between different length scales We have to point out that, in-plane-aligneeaxis films
which govern the physics of the problem. Therefore, the exhave been fabricatétion tetragonal substrates (LaSrGaO
perimental length scaléfor instance, the relevant sample In this case, the microdomain structure is, of course, absent,
size should be comparable to relevant physics length scalenly antiphase boundaries and stacking faults have been
(for instance, vortex lengih The behavior reported in this observed?
work is due to the competition between the microstructural The anisotropy of the samples were studied using a com-
defects and vortex lengths. This interplay leads to a strongnercial 90 kOe superconducting magnet, standard resistivity
deviation from the typical 3D behavior of the anisotropy dc technique and a computer controlled rotatable sample
close toT,.}* The usual 3D anisotropy behavior is only holder. The valug9=0° is with the applied magnetic field
recovered when artificial HTS superlattices of the adequatperpendicular to the film plane, that is parallel to the GuO
modulation lengths are fabricated. planes direction. The raw data we have used to analyze the

The samples used in this work were the so-caeakis  anisotropic behavior are taken with a constant current den-
oriented films and superlatticB¢n these samples, the super- sity of 80 Alcnt, close toT,, in the vortex liquid regime.
conducting Cu@ planes are grown perpendicular to the sub-Variation of the current density around this value and the
strate. The samples ageaxis EuBaCu,O; films anda-axis  temperature above 0.8%/T. do not change the results. Fig-
EuBgCu;0;/PrBaCu;O; multilayers. They have been ob- ure 1 shows that the applied magnetic fields and current den-
tained by dc magnetron sputtering in the on-axis configurasity used in the experiment explore this vortex liquid region.
tion on cubic(100) SrTiO; substrates and their structural and These p,J) curves are extracted from current-voltadeM)
transport characterization have been reported elseWherecharacteristics, with the applied magnetic field perpendicular
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superlattices. TheL-D model, which comes from the
Ginzburg-Landau equations, investigates layered supercon-
ducting systems with the superconducting order parameter,
in adjacent layers, coupled by Josephson tunneling. In this
case, a loss of the coherence of the order parameter phase
occurs, and the usual HTS picture of pancake vortices and
Josephson vortices could come up easifior these reasons,
the L-D approach seems to be a perfect tool to study prob-
lems of anisotropy and dimensionality in HTS. Unfortu-
nately, the upper critical fieltH, is the experimental quan-
tity that is calculated. The use of the scaling approach,
proposed by Blatteet al,'” helps to solve this problem. This
approach allows us to translate various superconducting
properties from isotropic to anisotropic systems. In particu-
lar, the magnetic field at any angle is scaled to a reduced
field asH,.—=He(¢), where the factore(¢) comes from

the anisotropy models according to the definitie(ip)

FIG. 1. Resistivity vs the current density, in a double logarith- = Hea(9)/HL, (¢: angle betweeitd and Cu-O planesil, :

mic scale, for ara-axis EuBaCu;O; film at T/T.=0.9. The mag-

upper critical field parallel to the Cu-O planeSeveral au-

netic field is perpendicular to the film plane. This figure shows thatthors have used this approach to avoid thg problem and
the magnetic fields and currents used in the measurements corr® study anisotropy and dimensionality in HTSee, for in-

spond to the linear behavior of the vortices in the liquid phase.

to the substratéparallel to the Cu@planes. Figure 2 shows
[p(6),H;] curves, that is, resistivity v8 (angle between the
applied magnetic field and the normal to the filat the

stance, Ref. 18 The scaling function, used in the definition
of the reduced field in the 3D model, is given l&{e)

= \/sirfp+y’cop; where the anisotropy parameter is de-
fined asy=H_.,/H, andHZ, is the upper critical field per-
pendicular to the CuPplanes. As was pointed o(gee Ref.

constant fieldH; . From these sets of measurements we eass), the measurement configuration ketbe expressed as a

ily extract the[ p(H;), 6;] curves: at fixed angleg; (ranging
from 0° to 90°), thep value at every measured field; is

taken. This last set of curves is used in our analysis later.

function of the angl& according to sip=sin#sin¢ (in our
case,p=45°). Therefore, taking into account this last rela-
tion, the anisotropy factoe can be written as a function of

Among the HTS families, the 123 cuprates are one of thehe angled,e=€(6), so this is the expression that we use in

less anisotropic, following a 3D behavior close Tq.!

the graphs.

Therefore the 3D effective-mass model is a good starting A scaling rule given byH—Hf(8) (f is a factor that only
point to analyze the data. In the framework of this model,depends on the angl@pplies successfully in theseaxis

one step further is given by Lawrence and Donidtfhis

oriented films for sets of resistivity measurements

approach opens the possibility of a dimensional crossoverp(H;),6;], see Fig. &). In these collapses, tHdactors are
decreasing the temperature. A clear hint of a crossover fromot extracted from any anisotropy model. The comparison
a 3D to a 2D behavior was experimentaly observed inwith the models is presented in Fig(b3 where thee/y
intrinsic'® and artificial® low-temperature superconducting values vsé are plotted. The same behavior has been ob-
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FIG. 2. Raw data aT/T.=0.9 for ana-axis EuBaCu;O; film
showing the resistivity vs the angteat several constant fields. The
measurement current density was 80 Afcm

served at other temperatures ab@vé .=0.85, also. These
plots show a clear deviation of the 3D behavior. First of all,
this means that the anisotropy @axis EuBaCu;O; films

on cubic (100 SrTiO; substrates does not follow the 3D
anisotropy behavior dfi .,,. However, we were able to fit the
experimental datdsee Fig. 8)] around the Cu@ planes
direction (0°—20°) using the Yamafugit al. model® (YKI).

In this model,H,(¢) is calculated by applying a perturba-
tion method to the Ginzburg-Landau equation. The final ex-
pression is

Hﬁij)sin(w

H, 2
—ljf‘o)cosum)

c2

X =1.

He ) He
1—3<1+ﬁ>(H—2> ;—f*")simp)

c2 c2

Actually, the YKI model is a further step in the Tinkham
model?® that explores the behavior f., in superconduct-
ing thin films.
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FIG. 4. Experimental points of/ y vs # angle for two different
superlatticegtotal thickness 250 njrat the same reduced tempera-
ture T/T.=0.90. The solid line is the prediction of the 3D model.
(a) Superlattice of bilayer 50 u.c. EuBau;0;/5 u.c. PrBaCu;0;

"(u.c. means unit cells (b) Superlattice of bilayer 25 u.c.
EuBgCu;0,/5 u.c. PrBaCu;0;.

FIG. 3. a-axis EuBaCu;O; oriented film(thickness 250 npnat
T/T.=0.90. (a) Resistivity vs the reduced field variabléf(6)
showing the collapse of the experimengdH) curves at angles:
0°, 3°, 5°, 8°, 10°, 15°, 20°, 25°, 30°, 35°, 40°, 50°, 60°, 70°, 80°
and 90°.(b) Experimental points ot/y, extracted from Fig. &),
vs the # angle(see text The predicted angular dependence of the
anisotropy models are also plotted for comparison. The anisotropy
parameter isy=0.185. ferent lengths involved in the problem have to be discussed.

One of them related to the sample characteristics and the

Before we begin to analyze these results, it is worthwhileother to the superconducting properties.
to note that recently, Trajanoviet al?! have studied the an- The microdomains are the unique structural difference be-
isotropy and dimensionality effects in untwinned in-plane-tween the in-plane-aligned film&@D anisotropy and our
aligned a-axis YBgaCuw;,O; films, at a lower temperature samples(deviation from the expected 3D anisotrgpyhe
range than in our case. These authors could fit the data sinsample characteristic length could be related to the peculiar
ply by replacingH ., with J.. in the anisotropy models. They film microstructure(20 nm average size microdomains with
found that the critical current, follows theH,(¢) anisot- 90° boundaries The superconducting characteristic length
ropy laws in the whole (0°—-90°) angular interval, with a 3D must be at least of the same order to have the possibility of a
behavior at high temperatures and a crossover, as expectatimensional crossover. The experimental window could be a
to 2D (Tinkham thin-film model decreasing the temperature clue to clarify this point. The measurements are taken at
below T/T.=0.8. However, this expected 3D behavior is temperatures above 0.83T. and with applied magnetic
absent in oura-axis films with 90° microdomains. In our field of the order of 50 kOe. Taking into account that the
case, the experimental data could only be fitted to a modehtervortex distancea, is given by a;=1.07 (®,/B)?
(YKI), related to the Tinkham model, in an angular regionwhere ® is the fluxoid, the intervortex distance is of the
around the Cu@superconducting planes. order of the microdomain size, and, besides, the temperatures

Anisotropy and dimensionality effects are only a matter ofare close tol';, so the vortices are very soft. The next step
comparison between different length scales. Thereby, the dishould be to discuss the influence of the microstructure in the
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entanglement regime. But, before that, we have to clarifya 3D effective mass model behavior when the magnetic field
which vortex length is ruling this effect. In the 3D case theis applied close to the Cu(planes, with an anisotropy pa-
vortex is well defined along the sample and the flux jumps d@ameter,y, typical of the 123 cupratesin this multilayer,

not implicate that the vortex loses its identity. In our casethe thickness of the superconducting layers and the size of
the dimensionality could be reduced if the vortex phase cothe microdomains are of the same order. If the thickness of
herence is lost. The vortex length that should be taken intghe superconducting layer is reduced even ni@eu.c), see
account is related to the phase correlation of the supercorigyre 4p), the experimental data follows the 3D model in a
ducting order parameter in the direction of the applied magygader angular interval than before. In summary, when the
netic field. That is, the length along the vortex where it exist agnetic field is applied close to the Cu@lanes and the

ash_ ah phe;?e c_ohtﬁrent tObJe%t' The sulp?_rcon\fivlﬁlctlntgh leng perconducting layer thicknessortex length is of the or-
which matters Is the vortex phase correiation. en e VOrgar or smaller than the microdomain size, the system follows

text_phas;ekcorrlelaéczlc_)lph 'SdI.OSt’ cgtt|nlg_;t anddrecpmtblnatlop %the usual 3D anisotropy model. But, when the microdomain
vortices take piace. The dimensionality and anisotropy pic- ;¢ js smaller than the vortex length, the 90° boundaries

Tu:le trf]OI_I%VS’ ilzn O:‘thhcar?ie’rfrdonr]n tir;le Cg?ﬁ?t't\'lorr‘t c))(f tvx;‘o rcould be seen by the vortices and cutting and recombination
engths. the size of the microdomains a € VOrtex Conere 14 occur. Then, a deviation of the typical 3D behavior

ence length. At each angle, the phase coherence leng ppens. Finally, it has to be noted that in thasaxis Su-

Wﬁglr? :Jheatg|l\;enn t?]y tg‘i;gﬁgﬁé?”%gnwggmea ;T;]Cer?drg‘g?g:; erlattices the superconducting layers are not decoupled; the
w gih g BCO layer thickness is only 2 nm, much smaller than the

length, such as the natural phase coherence length due a%coupling length estimated by Suztial2® The superlat-
vortex entanglement, then the angular dependence could %es are in the strong coupling regime, the microdomain

strongly affepted. We assume th_at the microstructure and .itBoundaries are the main actors in this crossover effect.
90° boundaries could act as barriers cutting and reconnecting In conclusion, in the vortex liquid regime, the anisotropy

vortex lines. These films do show vortex cutting induced by . . _ . = ;
correlated disorder. This behavior deviates from the rol of a-axis films grown on cubic substrates follows tg,(6)

plays by extended correlated disordexin boundaries, co- $ehavior given by the YKI model when the magnetic field is

o : : applied between Ofparallel to the Cu@ plane$ and 20°.
lumnar defects which induces vortex correlation for fields - .c"poi-vior is due to the change of the vortex phase co-
parallel to extended defects.

How do we test this assumption without changing theherence length, which is modified by the microstructure of

temperaturglcombing the vorticesand the structure of the the film. The 90° microdomains induce correlated disorder

: ; . : tting and recombination of the vortices. The expect D
material? Superconducting multilayers are the ideal tool tging a d recombination of the vortices. The expected 3

do it. The key could be multilayers with superconductingamSOtrOpy behavior is only observed when superlattices of

layer thicknesses of the order or smaller than the microEhe appropiate modulation length are fabricated.

domain size. Figure(4) shows the dimensional behavior of ~ The authors want to thank I. K. Schuller, F. de la Cruz
a-axis EuBaCu;0,/PrBaCu;O; (50/5 u.c) superlattice and G. Crabtree for useful conversations. This work has been
grown on cubiq100) SrTiO; substrates. This sample follows supported by Spanish CICYIMAT99-724).
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