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Coupling of superconductors through a half-metallic ferromagnet: Evidence for a long-range
proximity effect
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Here we examine the ferromagnetic/superconducting proximity effect in half-metallic ferromagnetic
Lay Ca MnO3 and highT,. superconducting YB&£u;0- artificial structures. We have found experimental
evidence for the coupling between superconducting layers through ferromagnetic spacers in superlattices. This
is consistent with a long-range proximity effect in half-metal ferromaghstive superconductor structures.
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It is well known that in superconduct@s)/normal (N) magnitude smaller than the normal metal coherence length in
structures superconducting pairing may occur deep into thal/S junctionst?12In a ferromagnet with different number of
normal metal If the normal metal is a ferromagng¥), its  spin-upn] and spin-downn| conduction channels only a
exchange field reduces drastically the length scale for thé&action n| /nT of the majority channels can be Andreev
proximity effect? and it should be completely suppressed  reflectec® Thus, Andreev reflection is completely suppressed
the limiting case of a fully spin polarized ferromagnetic/ for a fully spin polarized ferromagnétiM) and accordingly
singlet superconductor structure. Here we investigate this ighe F/S proximity effect, i.e., superconductivity and magne-
sue using a high-temperature superconductotism should not mix. This is not specific ferwave super-
YBa,Cu;0; (YBCO) and a spin polarized ferromagnet conductors but for spin singlet superconduct¢egther s
Lay /Ca sMnO; (LCMO). The interplay between magnetism wave ord wave). In fact, there has been substantial theoret-
and superconductivity in hybrid structures involving colossalical work in recent years considering the effect of an ex-
magnetoresistance and high-superconducting oxides has change field in ferromagnet/unconventiondiwave) super-
gathered considerable interest in recent yé&sanning tun-  conductor junctions showing that Andreev reflection is
neling spectroscofyand tunneling magnetoresistafdmve suppressed in the limit of a fully spin polarized conduction
shown that the LCMO is essentially half metaligiM).  band!*1®
LCMO and YBCO have similar in-plane lattice parameters For the present study we have synthesized a number of
(0.3% mismatchwhich allows heteroepitaxial growth with superconductofYBCO)/ ferromagne{LCMO) superlattices
little interface disordef° We find a long-range proximity and trilayers on(100) oriented STO, using high-pressure
effect, which yields coupling between superconducting lay{3.4 mbaj pure oxygen sputtering technique at high growth
ers through 10-nm thick HM ferromagnetic layers. Thesetemperaturg900°Q. This technique provides a very slow
LCMO/YBCO coupled superlattices represent a class of ar0.6 nm/mir) and ordered growth, which allows accurate
tificially layered materials showing “coexistence” of spin- control of the thickness of the individual layers within one
polarized ferromagnetism and superconductivity over macrounit cell. Samples were epitaxial and interfaces were atomi-
scopic length scales. cally flat with little structural disorder. Details about sample

In F/S structures the transfer of Cooper pairs into thepreparation and characterization can be found elseviifere.
ferromagnet occurs via the Andreev reflectirElectrons  Figure 1 shows a cross-section image of a typical YBCO/
with an energy lower than the superconducting gap are reekCMO superlattice obtained in an aberration-corrected
flected back as holes with opposite spin orientation. The inHB501UX VG-Microscopes scanning transmission electron
terference between electron and hole wave functions givesiicroscope. These images show the coherent and ordered
rise to the Andreev bound states which carry the supercuigrowth. Layers are flat and continuous over long lateral dis-
rent. Energy conservation requires that Cooper pairs enteringnces, as shown in the inset of Fig. 1. For this imaging
a ferromagnet with an exchange field enefgyacquire a technique, known a& contrast, the intensity is roughly pro-
finite momentumAp=7ve/h wherevg is the Fermi velocity.  portional toZ?, giving direct compositional contrast. Inter-
This causes the superconducting wave function to be oscifaces are perfectly coherent and free of dislocations or de-
lating and to decay with a characteristic length scéle fects.
=(yD/27h)Y2, whereD is the diffusion coefficient.!* This We first present results oR/S/F trilayers. The YBCO
length is in the nanometer range for common single elemerthickness was fixed in 12 unit celi¢4 nm and the LCMO
or alloy ferromagnets and is typically one to three orders othickness was changed between 2 and 60 unit cells
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FIG. 1. Z-contrast image of a YBC@op)/LCMO(botton) inter- dr (nm)

face obtained in a aberration corrected HB501UX scanning trans-
mission electron microscope. The scale bar represents 2 nm. Inset: F|G. 2. (@ Resistance VS temperature for
low magnificationZ-contrast image of a YBCO/LCMO superlattice. [LCMO (N u.c)/YBCO (12 u.c)/LCMO (Ny, u.c)] trilayers
The scale bar represents 40 nm. with Ny=3, 10, 15, and 40 u.g¢b) Resistance vs temperature for
o ) [LCMO (Ny u.c)/YBCO (12 u.c)] superlattices witiNy, =3, 10,
(0.8—24 nm. It is important to remark that the thickness of 15 and 40 u.c. Resistance has been normalized to the num-
the YBCO has been chosen sufficiently large that the criticaber of YBCO layers (Ry)). () T, vs LCMO thickness dg
temperature is unaffected by dimensionality or epitaxialfor [LCMO (Ny u.c)/YBCO (12 u.c)] superlattices (circles
strain effectd® Samples were magnetias measured by su- and for [LCMO (Ny u.c)/YBCO (12 u.c)/LCMO (Ny u.c)]
perconducting quantum interference deyiesd supercon- trilayers (triangley and  superpositon  of trilayers
ducting(as measured by transport and susceptibiliijgure  [LCMO (Ny u.c)/YBCO (12 u.c)/LCMO (Ny u.c)] (squares
2(a) shows resistance curves of trilayers for different thick-Note that the superpositions of trilayers have magnetic spacers of
nesses of the magnetic layers. Log scale platst shown  twice the thicknes$2dg) of bottom and top layerédg).
display sharp and well-behaved superconducting transitions.
The superconductind@,. was found to decrease down to a tween the superconducting layers through the magnetic lay-
saturation value when the thickness of the magnetic layersrs for magnetic layer thickness smaller thag. 2f, instead,
was increasefkee triangles in Fig.(2)]. This result suggests the depression of the critical temperature were not due to
an interplay between magnetism and superconductivity, alF/S (spin injection or any other process occurring in the
though a F/S proximity effect cannot be established unamYBCO) one would expect superlattices to behave exactly the
biguously. An alternative mechanism which could cause desame as trilayers. Figurgl displays resistance curves of a
pression of the critical temperature is pair breaking byseries of superlattices normalized to the number of YBCO
injected spin-polarized carriet.Spin injection is favoured layers(Ry; in the figurg. Again sharp superconducting tran-
by the d-wave character of the superconductivity, wheresitions were found in logarithmic plo{sot shown. The de-
nodes in the superconducting gap algfgO) direction open pression of the critical temperature with magnetic layer
the way to spin-polarized quasiparticle excitations at zerdhicknessdg is presented in Fig. () (circles. One can
energy cost. To further explore the reason for the depressioreadily see that saturation occurs at the same value of the
of the critical temperature in LCMO/YBCO structure we critical temperature for trilayers and superlattices. However,
next present results on superlattices with the stacking sehroughoutthe decay, superlattices shdigher T, values for
guenceF/S/F/---S/F, in which the individual layers have the same LCMO thickness, which provides clear evidence
the same thicknesas in the F/S/Rrilayers. Superlattices for coupling between the superconducting layers through the
had a total thickness of roughly 150 nm, such that thedM magnetic layer. Moreover, the characteristic decay
samples with thicker manganite layers had five periods antength deduced from the saturation LCMO layer thickness is
the samples with the thinnesgthree unit cells manganite 10.5 nm which exactly corresponds té-2as expected for a
layers had ten repetitions. F/S proximity effect. We stress that this result is independent
Within the framework of the F/S proximity effect, the of mechanisms occurring “inside” the YBCO layers such as
decay ofT, for the trilayers of Fig. &) suggests the order spin injection and also on effects arising from interface dis-
parameter penetrates the LCMO layers up to a thickigess order at length scales shorter thagr,2because such effects
of 5.2 nm(as deduced from saturation for trilayerSuper- are already present in trilayers. Regarding step disorder, one
lattices with the described sequence will probe coupling beexpects it to increase with thickness, resulting, then, in a
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smaller T, for superlattices than for trilayers, contrary to — 400{(a) — 400]{(c)

what is observed. Also, we find both superlattices and trilay- <% 54 _.f"‘r' 2 500 'a

ers show thesamecritical temperatures at saturation, imply- g % /| i g /

ing a negligible effect of interface disorder. In the superlat- E i1/ £ ' /-'
tices experiment we basically probe coupling between — —-200 / —-200 L
superconducting layers, which can only result from the pen-  =-400 = .400

etration of the superconducting order parameter into the fer- -500-250 0 250 500 -500-250 0 250 500
romagnet, as expected from a long-range F/S proximity ef- H (Oe)

fect. An important remark is that superlattices with magnetic H (Oe) 3.0

layers of thicknessle cannot be simply considered as super-  _ 400{(b) 2 |(d)

position of trilayers each with magnetic layers of thickness % 5qq E 15 /\\
de/2. To show this we have also grown multilayers which g 0 Vi 7 s 0.0L%

were repetition of trilayers, i.e., bottom and top layers had € £ / A

half the thickness of the ferromagnetic spacers. As in the ~— -200 E .15 /
superlattices, the number of repetitions was chosen to com- = -400 30

plete 150 nm total thickness of the samples. The critical tem- -500-250 0 250 500 Y8000 0 8000
perature dependence on magnetic layer thickness of stacks of H (Oe) H (Oe)
trilayers displays a similar steplike behavior with the same

saturation value as found for trilayers and superlatt[see FIG. 3. Hysteresis loops above the superconducting transition

squares in Fig. @)]. Stacks of trilayers with thicknest of  for (a) decoupled Ny =40 u.c) and(b) coupled(15 u.c) superlat-

the bottom layer(ferromagnetic spacers of thicknesd:2  tices measured at 55 K and 70 K, respectively. Hysteresis loops
had T, values larger than the corresponding single trilayerspelow the superconducting transition far) decoupled (Ny

In addition, it is smaller than the superlattices with magnetic=40 u.c) and(d) coupled(15 u.c) superlattices measured at 5 K.
layers of thicknesslg, which is consistent with reduced criti-

cal temperatures resulting of reduced coupling through twic§@MPple, thus yielding superconducting moments much
thicker magnetic layers. smaller than in the uncoupled sample. That is, as expected,

Additional evidence for coupling between superconduct-SuPerconductor coupling through the ferromagnetic layers
pcreases the superconducting magnetic moment.

ors across a magnetic layer in superlattices can be obtainé We thus have provided a strong indication for a long-

from hysteresis loops with the magnetic field applied parallelrange F/S proximity effect in a HM ferromagnet. In this

to the layers. We_ will focus here on two superlattiqes, ON&espect it is worth mentioning that a long-range proximi
with 15 LCMO unit cells and other with 40 LCMO unit cells eﬁepct is consistent with thegIong—rangegsupgrcuﬁrents %—
spacer th|cknese(vh|ch we will refer to as coupled anq dg— ported for YBCO/LCMO/YBCO junctions years agblt is
coupled, respectively Note that the coupled superlattice is gi5o consistent with the long-range charge transfer from the
at the decaying portion of th&; vs de plot of Fig. 2¢), and  yBCO into the LCMO reported recently for YBCO/LCMO
the deCOUp|ed Super|attice iS We” into Saturation, Where SUSupe”atticeS from optical measureme}?tS.

perlattices and trilayers behave similarly. Figurés)3and We now discuss the possible origin of the long-range
3(b) show hysteresis loops above the superconducting trarproximity effect. In ferromagneid-wave) superconductor
sition for decoupled and coupled superlattices, respectiveljunctions with the interface perpendicular to tid@plane, the
Saturation magnetization values in excess of 200 emé/cmtransmitted quasiparticles experience different signs of the
are obtained for both samples, well in the range reportegairing potential, which results in the formation of zero-
typically for LCMO thin films. The loop corresponding to energy bound stateZES) close to the surfade which are

the thicker LCMO layergFig. 3@)] shows clear steps point- detected as zero-energy peaks in tunneling conductance
ing to coherent magnetization switching within the layers.spectra. In fact, theoretical reports on the tunneling conduc-
Figures 38c) and 3d) show the corresponding loops below tance in ferromagnet/wave superconductor double tunnel
the superconducting transitigat 5 K) for both samples. The junctions show that ZES originate an enhancement of the
coupled sampldFig. 3d)] displays a characteristic super- quasiparticle tunneling curreft.Other ZES mediated pro-
conductinglike hysteresis loop as expected from couple@esses such as crossed Andreev reflection or elastic cotunnel-
YBCO layers across the magnetic layers. The supering have been also reported very recently to enhance the
conducting moment is larger than the ferromagnetic 6ne conductance of/S/F junctions?? Although it is clear that
1.1x10°% emu at saturation for this sampleThe central ZES may dominate transport propertiesFdfS/F structures,
peak is slightly displaced from zero probably due to a smalit is worthwhile to note that in the geometry of our experi-
stray field due to the magnetic layers. An estimate of thement the interface is perpendicular to theirection and, in
critical current using Bean model at 1000 Qxbove ferro-  principle, transmitted quasiparticles will experience the same
magnetic saturation yields J,=5.7x 10* A/cm?, smaller  sign of the pairing potential and no ZES are expeéfdtis
than the values obtained for single YBCO films with compa-therefore not clear how ZES could influence the F/S prox-
rable thickness, typically in excess of%1A/cm?. The de- imity effect in our samples, especially since there is not a
coupled sample, on the other hand, shows a ferromagnetitheory for the proximity effect in ferromagnet/
like hysteresis loodFig. 3c)]. This can be understood as unconventional superconductor junctions.

resulting from further depression of the superconducting or- A different scenario has been theoretically proposed re-
der parametel(critical currenj, compared to the coupled cently which allows proximity effect between a supercon-
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ductor and a half-metallic ferromagnet with domain wéfls. singlet pairing but decaying slowly into a ferromagnet has
According to this work, Cooper-pair-like states may pen-been recently proposed in a superconductor/ferromagnet
etrate into the ferromagnet along domain walls, with spin-ugunction arising as a result of nonhomogeneous magnetiza-
and spin-down electrons propagating in neighboring spin-upion at the interfac®26 or from reflection of singlet pairs at
and spin-down magnetic domains. This requires the domaithe HM interface?” However, triplet superconductivity is
wall width D being shorter than the in-plane coherencestj|| considered a rare low-temperature phenomenon and its
length [£(0) ~1.5 nm. For the thickness of the magnetic occyrrence in the F/S structures described here will require
layers used in this work can be estimated to be in the range f ther work.
10—20 nm, longer tha#(0). However, close td, £(T) can To conclude, our results provide evidence for coupling
be much longef&(T)=£(0)/(1-T/Te)¥?] and it is not unre-  peween superconducting layers through ferromagnetic spac-
alistic to think that this mechanism could justify a proximity ers consistent with a long-range F/S proximity effect. This
effect in our samples. result may be stimulating for the development of a theory of
Finally, another possibility we want to discuss is related tothe F/S proximity effect between an unconventional super-
recent theoretical predictiofis?” of a long-range F/S prox- conductor and a half-metallic ferromagnet. In addition, these
imity effect resulting of triplet correlations appearing at the resyits may provide important clues for the coexistence be-
interface between a half-metallic ferromagnet and a supefyeen magnetism and superconductivity in oxide systems
conductor. Evidences for triplet superconductivity have beefe RuSELGdCWO; (Ref. 31) where clearly distinguishable

recently found for SRuQ, (Ref. 2§ and heavy-fermion  sypsystems support either ferromagnetism or superconduc-
materials®*° Triplets are not sensitive to the exchange fieldyity.

and the coexistence of ferromagnetism and superconductiv-
ity becomes possible, as reported for URh@&@ef. 29 or This work was supported by MCYT MAT 2002-2642 and
ZrZn,.20 A triplet condensate coexisting with conventional CAM 07N/0032/2002 and Fundaciéon Ramén Areces.
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