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Superconductivity suppression and flux-pinning crossover in artificial multilayers of ternary
RBaQCU307_5 (R:Gd, Nd, and EU)
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Superlattices and trilayers consisting of three isostructured 123-type oxide superconductors,
Gd123/Nd123/Eul23, were prepared(@00 SrTiO; using off-axis pulsed laser deposition. Superconducting
transition temperaturéd,) in the superlattices reduce monotonically with decreasing constituent thickhess
while T, and transport critical current density,) of the trilayers show no such suppression, being as good as
in pure 123 thin films. Individual flux pinning and collective thermal-activated flux motion characterized by
log J; vs logH reveal flux pinning crossovers with field, temperature and layer thickness. Epitaxial-strain-
induced thickness effects and correlated defects are applicable to account for the supp¢emsediux
pinning crossover in the present superlattices.
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All high-T, superconductors with the exception of SrTiO;, using off-axis pulsed laser depositi&h. This
(Bay4K,)BIO3 are highly anisotropic due to their natural technique is advantageous for the elimination of droplets,
layered structures= An artificially layered system of oxide and the extremely smooth and uniform surfaces of the
superconductors has been studied for a fundamental undegesultant thin films® which are critically significant factors
standing of dimensionality, proximity effect and strain in achieving high quality superlattices. The details for
effects!=® Apart from the wide interests in the superlattices sample preparation will be reported elsewh€rall samples
of RBaCu0O;_JPrBaCu0;,_s (R123/Pr123, R:Y or  together with those for comparisqpure R123 thin films,
Gd, etc. rare earthd® superlattices with conducting, and Eul23/Gd123 multilayexs have a similar total
weak superconducting and ferromagnetic interlayersthickness of about 125 nm. They are checked by x-ray
such as Y123)Y,,Pr)1231* R123/(Y,_,Ca)123% and diffraction and inductive measurements before patterned.
R123/(R,_,Sr,)MnQO,,° attract much attention due to the pos- Goodc-axis orientation and high in-plane texture were iden-
sibility of the artificial modification of Cu@-CuQ, cou- tified in all samples by observing th@05 R123 rocking
pling. In most cases, these superlattices show a broadenirfgrve (FWHM~0.6°) and (103) ¢-scan(FWHM <2°). Re-
of superconducting transition and a decreasg.jiwhile aT, sistivity and transport critical currenusing a.CI’IterIOI"I of
enhancement effect was also reportédnvestigations into  Ec=1.25X 10" V/cm) were measured at various tempera-
superlattices consisting of two isostructured highR123 ~ tures and magnetic fieldsvith vectors parallel to the-axis

are little explored after an early work with respect to @nd normal to current flowing directionalong a bridge pat-
Y123/Dy1123 and no attempt at all has been made on alr_terned by photolithography. Scanning electron microscopy
tificial stacking structures of ternafig123 with nearly iden- shov;/s v'er%/ smoo?h and featurzg—rf]ret_a surtfr?ceFél\;\ISso ewﬂenced
tical T, although a similar issue has been addressed for gy atomic force microscopy which gives the roughness

; ) . . low as 1-2 nm.
Bi-based family with three succeeding memb®rs. as I . . .
In the preé/ent paper, we reporgt] on superconductin Figure 1 shows the x-ray diffraction peaks of various

: : amples including pure Gd123 and Nd123 thin films,
properties for the ternary system with sequence Gd123/Eul23  bilayer and  multlayers  of
stacks of Gd123/Nd123/Eul23. This selection is(GdlZ%/NdlZ%/EulZ%)Xn (621’5,10_ Due to close
motivated by our latest work on the mixed rare €arthjagice constants the diffraction peaks of pure Eul23
(Gdy/3E Uy /3Ndy/5)Ba;CUsO7-5 thin film, which produces the  gyerlap with those of Gd123, further evidenced in the
enhanced flux pinning: Further studies showed that the pjlayer of Gd123/Eul23. In contrast, the trilayer of
stress field is the dominating flux pinning mechanism in suchgd123/Nd123/Eul23 clearly shows the separation of
a mixed rare earth thin filté Moreover, we notice the (007) peaks between Nd123 and Eul2®r Gd123.
newly reportedJ, improvement and structural stability in Nevertheless, two such separated peaks are absent in
the bilayers of Eu123/Y128 and Gd123/Y123% and Gd123/Nd123/Eul23 multilayefs>3). As seen in the top
the grain-boundaryJ, enhancement in the multilayer of two patterns, more than three satellite peaks marked with
Y123/(Y,Ca)123> Thus, in addition to the fundamental arrows appear as superlattice distinction. A calculation of the
insight, we expect that the present study will be able to outmodulation wavelength by\ =\,/2(sing,-sing,_)),*® indi-
line technology potentials, such as the application in coatedates that our multilayers have relatively lalye1-2 times
conductors which emerge from epitaxial growth technologyof each sequence layer thicknd8sl). Schullet® found that
of R123 thin films!® the satellite peaks in Cu/Nb superlattices evolve from strong
A series of multilayers named(Gd123/Nd123/  high-orders to weak low-orders, with increasing each layer
Eul23) X n (d: identical constituent layer thickness, and  thickness. Our results are very consistent with their observa-
periodic numbey, were prepared on single cryst&l00) tion.
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tice, and ultrathinR123 films. Several mechanisms have
been proposed including the proximity effédf, Kosteritz—
Thouless transitio”? and interdiffusion and strain effect at
interfaces’?! etc. In our case, insulating, or ferromagnetic,
or even weak superconducting interlayers are not involved.
Modulation structure is stacked with periodic CuO chains-
BaO-CuQ planeR-CuO-BaO-Cu@chains. Only the is-
ovalentR ion shifts sequentially. So, we can rule out the
effects due to proximity and chemical diffusion. The sup-
pression ofT; also seems unlikely to arise from dirty or
highly defected interfaces as the off-axis deposition tech-
Bilayer niqgue ensures extremely smooth and droplet-free film sur-
e face. This is confirmed by TEM observatidhin addition,
AR T, decreases monotonically with decreasing constituent lay-
R B ers from. 35.6 u.¢n=10 t'o 3.6 u.c(n=1), regardlles's of
20 (deg) whether it is close to an integer value or not. This implies
that the imperfection introduced by the intergrowth is not the
FIG. 1. X-ray diffraction for a series of multilayers origin of T. reduction. Otherwis€l, for the interlayer with
(Gd123/Nd123/Eul23) X n (n=1,5,10, and those for refer- an integer unit celle.g.,d=9 u.c. atn=4) should have a
ence: Gd123/Eul23 bilayer and pure Gd123 and Nd123 thin ﬁ|mShigherTC, leading to a stepwise change.
Satellite peaks in Superlattice are identified with arrows, and two We now evaluate the in_p|ane pressure effect caused by
dashed lines are illustrated for an eye-guide. the epitaxial strain between stacked layers having different
: : : : lattice constants. Since Gd123 and Eul23 have smaller lat-
Figure 2 shows that th&, varies with constituent layer °
thickgess. InductiveT, with 0% criterion generally cor¥e- tice constants(a=0.3897,b=0.3838 nm than Nd123a
sponds to the zero resistan@e appropriately within 2 K, =0.3918,b=0.3861 nm,?* in-plane biaxial tensile streggo
while transport onseT, is relatively high due to percolation Gd123 or Eul23 laygror compressive stregto the Nd123
effects. Clearly, both types df, reduce with decreasing con- layen is expected in our superlattices. Chetnal > system-
stituent layer thickness. The transition width shows a slighatically studied the effect of pressure dgp for almost all
increase as well. It is obvious th@y is likely to drop lower  R123 superconductors. They found that the pressure deriva-
than 77 K whem> 10 (i.e., d<4 unit celly. Before a dis- tive dT,/dPis an increasing function of the** radius, origi-
cussion with the mechanism ®f suppression, we consider a nating from the pressure-induced charge transfer from the
special case, i.e., a trilayer at=1, which gives onset charge reservoir to the conducting Cu@anes. Hydrostatic
Tc>92 KandAT,<1.5 K, as good as in pufel23 bulks. It  pressure on higfi, bulk does not affecT, much because of
is interesting to note that a number of the trilayers prepareghe compensation of-axis expansion due to the Poisson
by us appear more reproducible and stable in air than a singletfect2! In contrast, epitaxial strain in thin films is intrinsic
R123 thin film, easily achieving a highefi, and narrower or so-called chemical stress, which may have various sub-
transition width. This may be due to the first layer of Gd123stantial effects including changes in the growth mode, holes
acting as a buffer/seed to release the epitaxial tensile streggnsity and relatedr,.31°2! Thin fims of (LaSp,CuQ,
between the substrate and Nd123 which has larger latticgrown on different substrates, characterized by different
misfits. A similar effect in bilayer Eul23/Y123 has been siress tensors, are frequently reported with dramatic changes
addressed in detail in Ref. 13. _ of T..1%?Recently, Ca@t al?* studied the effect of epitaxial
_As mentioned above, the reductionTgis very common  sirain on Gd123 thin films, showing that the differencdin
in R123/Pr123 superlattices, &123/(LaS)MnO, superlat-  can pe as large as 4—25 K between substrates of S{EO

Gd123/Nd123/Eu123
/ Multilayer

-
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d(nm) =0.3906 nm and NdGaQ@ (a=0.5428 nm. One may con-
0 10 2 0 40 15 sider two sheets in elastic contact to estimate the stress using
_g—O——————=0 elasticity theory. The tensile or compressive stri@gsin an
wl T ¢ S — interlayer can be written as follows: o=Ej(a;
/ -:./' {10 —a,) T 8/d;, whereE,, «;, 8T, 4, d;, are the Young’s modu-
< gl .;0 T rarepar) lus, thermal expansion coefficient, temperature variation, lat-
=° d —®—Tc{10% inductive) tice mismatch, and layer thickness. In our casel (Gd123
4 15 or Eul23 and 2 (Nd123. Using E;=130 GPa,«;=13.0
80- l/_i“"*\ Braitiv i X 1076 K%, and a(zzlz.?x 106 }%-1,'2325 S5T~800 K, and
¢ Ahmel T di~1.2 nm, we reaclr~172 KPa within this simple frame-
o 0 % 2 400 work. Such an order of stress is hardly pronounced for bulk
d (Unit Cell) systems? In the case of thin films, however, it may be rather

effective to distort the CuPplane as well as the charge

FIG. 2. The variation in transport and inductiife, and their ~ reservoir CuO chain, and thus lead to the change of hole
transition widthAT, with constituent layer thicknes$(top label in - density and thef.. As the spatial distribution of the stress
nm, bottom in number of unit cells field is attenuated with ¥f, their influence range is rather
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FIG. 3. Critical current density in the zero field vs reduced tem-

perature for three multilayer samples=1, 4, and 5. Arrows indi- FIG. 4. Field dependence df at 50, 70 and 77 K in a log—log
cate a crossover between the two superlattices. The inset shows thit. Arrows indicate the crossover df(H) between superlattice
temperature dependence of the resistivity. samples. The inset is the reduced-temperature dependence of ac-

commodation fieldH 4

localized?® Accordingly, theT, decrease directly induced by
the stress is spatially limited, and even does not appear ifous with temperatures and fields. At 77 K, a relatively high
macroscopic measurement when the interface number is lowemperature,J, for n=5 is lower at all range of fields, in
This is the reason why n®; suppression is observed in our agreement with its loweT,. However, it increases at lower
trilayer sample. Similarly, one cannot attribute the enfige  temperatures such as 70 and 50 K, becoming higher than that
suppression directly to the strain effect. Note that the inducof n=4 in the regimes of low fields.
tive measurement should indicate the superconducting re- To understand the causes of the above crossover behavior,
sponses of the whole sample. A reasonable scenario is thale notice that the individual and collective flux pinning be-
each constituent layer is electronically separdtéebending haviors vary with temperature and field. It is apparent that
on temperatuneby a decoupling region resulting from epi- the field dependence df, in the log—log plot is divided into
taxial strains at interfaces. Such a regigather narrow  two regimes. At low fields,). is nearly independent of ap-
makes each constituent layer behave like an ultrathin filmplied field characterized by a plateau. In the intermediate
So, the major origin off; suppression is probably the thick- field regime,J, decreases as a power law, and then drops
ness effect which can be understood by the Kosterlitzsharply at high fields. A characteristic field termed the ac-
Thouless theor§? or by finite-size scaling relationT,(d) ~ commodation fieldH,., marking the crossover from strong
=T(*)(1-(d/ "), where T (), ¢ and v are bulk super- individual pinning to weak collective pinning, is determined
conducting transition temperature, coherent length and critifrom the kink ofJ.(H) as observed in numerous oxide super-
cal exponent, respectivedy. conductors with correlated disordéfsThe inset in Fig. 4

To check the above scenario, we prepared a series @fustrates the variation ofl .. (90% criterion with reduced
single R123 thin films with different thickness from 10 to temperatures. It is clear thhl,..for n=5 increases from 125
200 nm. It was found thak, drops with decreasing thickness to 350 Oe, whileH,.. for n=4 does not change much when
(d’), consistent with the case of superlattices vdtblose to  the temperature decreases from 77 to 50 K. The increase in
d’. Also the thickness dependence Tyf in Ref. 24 is sup- H,..implies the enhancement of correlated disorderainly
portive of our analysis. Moreover, compared with the Varelaof lines of edge dislocatiodd, which are the dominating
et al. Y123/Pr123 superlattic€spur multilayers have simi- pinning sources in the case of a noninteracting vortex at low
lar thickness dependences ©f in the case ofd<10 nm. temperatures and fields. As mentioned before, epitaxial strain
When the layer thickness is lower than 10 nm, howeVgr, at interfaces as well as layer thickness can trigger the varia-
suppression in our multilayers is obviously weaker than intion of growth modes(either 3-D screw growth or 2-D
their Y123/Pr123 superlattices. This is understandable sincklock-by-block, and then the change in the screw or edge
the T, for the latter is affected not only by expitaxial strain, dislocations*¥ It is likely that due to the decreased layer
but by superconductivity/anti-ferromagnetism proximity or thickness and increased number of interface, the sample with
chemical diffusion. n=5 has the higher density of edge dislocations formed dur-

Next we turn to the flux pinning characteristics by study-ing the 2-D growth process. Thus, this sample provides a
ing the transport], at various temperatures and fields. As stronger individual pinning forcé&, then a higher, at low
shown in Fig. 3J. for the trilayer sample is outstanding due temperatures and fields than that of the sample witi.
to its high T, while J. for two multilayers(n=4 andn=5)  With increasing fields or temperatures, however, the pinning
are nearly 2.5 times lower across a large range of temperamechanism becomes vortex—vortex interactions observing
tures. For all the three samples, ldgdrops linearly withT ~ the model of thermal activated collective flux motion char-
at the low-temperature region, consistent with collective-acterized by an activation energy(J, T)~(J./J)*(1-t?)*3,
pinning theory?® There exists an entangled temperature dewhere w is a characteristic index of the collective pinning
pendency ofJ, for two superlattices, characterized by a model?® andt=T/T,. Due to the loweiT,, the sample oh
crossing at the reduced temperature of ~0.8 K, below whick=5 has a stronger thermal activation effect than that of the
Je for n=5 is higher regardless of its relatively lIoly. Simi-  sample ofn=4. Thus we see a sharper dropJeffor n=5 at
larly, there is a crossing.(H) relationship. As shown in Fig. high fields, giving rise to lowed,, regardless of its higher
4, the difference il betweemn=4 andn=5 is not monoto- value at low fields.
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In summary, we have prepared a series ofmonotonous dependence df on d, or T. which can
(Gd123/Nd123,/Eul23) X n multilayers with a similar to- be explained by varying accommodation fields correspond-
tal thickness. While the trilayer structufe=1) shows super- ing to different transitions from individual flux pinning
conducting properties as good as in p®E3 thin films, T,  at low fields to collectively activated flux motion at
in superlatticegn>1) decreases with increasing numbier  high temperatures or/and high fields. Finally it is interesting
i.e., decreasing constituent layer thickness. Thesuppres- to note that the trilayer Gd123/Nd123/Eul23 is tech-
sion is attributed to the thickness effect as the interlayenologically superior to pur&123, which could be applicable
coupling is probably interrupted by a narrow weakto coated conductors where further improvement in process-
superconducting region incited by epitaxial strain. Flux pin-ing techniques as well asl. are being investigated
ning in superlattices has a crossover feature, i.e., withouvorldwide.
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