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We report on the interplay between magnetism and superconductivity in Lay;Cay3MnO3/YBa,Cu30; struc-
tures. We have grown heterostructures (bilayers and trilayers) with a constant thickness of the ferromagnetic
layer of 40 unit cells (15 nm) and changing the thickness of the superconductor between 1 (1.2 nm) and 40 unit
cells (48 nm). The critical temperature of the bilayers decreases when the thickness of the superconductor is
reduced below 10 unit cells, thus providing an estimate of the length scale of superconductivity suppression by
spin-polarized quasiparticles in YBa,Cu30;_s (YBCO) of 10 nm, much larger than the coherence length. For
thickness of the YBCO layer smaller than 4 unit cells; a second mechanism of superconductivity depression
comes into play, probably related to the ferromagnetic/superconducting proximity effect. The relative impor-
tance in depressing the critical temperature of intrinsic mechanisms (quasiparticle diffusion and proximity
effect) and extrinsic ones (intralayer disorder, interface roughness, or reduced dimensionality of ultrathin

layers) is discussed.
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INTRODUCTION

Ferromagnetic (F) and superconducting (S) orders are an-
tagonistic in the sense that ferromagnetism produces parallel
and superconductivity antiparallel alignment of the spins.
When a superconductor is placed in contact with a ferromag-
net both long-range phenomena compete at the interface,'?
giving rise to a variety of exotic phenomena like 7 junctions,
spatially modulated order parameter, etc.>> There has been
substantial activity in the past directed to study the F-S in-
terplay in heterostructures containing transition metal super-
conductors (low 7,) and ferromagnets.>~'* In many cases the
F-S competition is obscured by interface disorder like rough-
ness, interdiffusion, or interface alloying. With the (re)dis-
covery of colossal magnetoresistance (CMR) materials there
has been renewed activity in the field with heterostructures
involving high-T. superconductors (HTSs) and CMR
materials,'*!° which incorporate a number of interesting
new ingredients. (1) F and S oxides can be chosen with the
same crystalline structure, well-matching lattice parameters,
and good chemical compatibility, which allows the growth of
highly perfect interfaces, despite the larger complexity of
these materials as compared to single-element or alloy tran-
sition metals. (2) The short coherence length of the HTSs
makes superconductivity survive in very thin layers which
allows examining the F-S interplay within the supercon-
ductor but very close to the interface. (3) The high degree of
spin polarization of the Lay,Ca,;MnO; (LCMO) conduction
band together with the d-wave pairing symmetry of the su-
perconductor make this system an adequate candidate for the
search for spin-dependent effects in transport.

The F-S interaction may be understood in two different
scenarios: on the one hand the Cooper pairs of the supercon-
ductor may enter the ferromagnet (proximity effect) or spins
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of the ferromagnet may enter the superconductor. The latter
situation will give rise to different physics depending on
whether the electrons have energies larger (spin diffusion) or
smaller (quasiparticle evanescent waves) than the supercon-
ducting gap. Very briefly, when a superconductor is placed in
contact with a normal metal, finite pairing amplitude can be
found into the normal metal at distances which may be very
long at low temperatures.?’ However, if the normal metal is a
ferromagnet, the exchange field disfavors one of the spin
orientations and the distance over which superconductivity
can penetrate is shortened considerably down to the 1 nm
range.!? If the degree of spin polarization increases, this dis-
tance is further shortened and becomes zero for a half
metal.2! On the other hand, when electrons of the ferromag-
net with energy larger than the superconducting gap enter the
superconductor, superconductivity is depressed due to break-
ing of the time-reversal symmetry of the Cooper pairs. The
current injected from the ferromagnet is spin polarized and
causes a nonequilibrium spin density to build up in the qua-
siparticle density of states of the superconductor, which
causes the quasi Fermi levels for spin down and spin up to be
displaced in opposite directions by Su.?>?3 This nonequilib-
rium spin density affects superconductivity in a similar way
as an exchange field of Zeeman energy 25u,>* and the en-
ergy 26w plays the role of a pair-breaking energy.” The
degree of spin polarization of the injected current, and thus
the pair-breaking effect, increases with the degree of spin
polarization and is maximized for a half metal since the in-
jected current has only one of the spin orientations. Electrons
of the ferromagnet with energies smaller than the supercon-
ducting gap will enter the superconductor as quasiparticle
evanescent waves.

With respect to the penetration length of spin-polarized
electrons, we have to distinguish between above-gap and
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below-gap energies. Electrons with energies larger than the
superconducting gap will diffuse with the spin diffusion
length, while electrons with energies below the gap have a
characteristic penetration depth which is close to the dirty
limit coherence length of the superconductor. The increased
number of quasiparticles within this length scale results
(self-consistently) in a suppression of the superconducting
gap. This mechanism has been experimentally found to take
place in permalloy/Nb heterostructures with transport mea-
sured perpendicular to the layers by Gu et al.?® In this way,
the interaction between F and S has three characteristic
length scales: the coherence length of the ferromagnetic
metal (proximity effect), the spin diffusion length (spin in-
jection), and the superconducting coherence length (subgap
quasiparticle diffusion), which will all typically be in the
nanometer range. The study of the interplay between ferro-
magnetism and superconductivity at interfaces requires the
growth of heterostructures with thickness of the individual
layers in the range of these characteristic length scales. It is
also very important to characterize the layer structure at dis-
tances to the interface comparable to the length scales of the
F-S interplay to distinguish true interplay from interface-
disorder-related phenomena.

In this paper we examine the F-S interplay in bilayers and
trilayers made of YBa,Cu;0, (YBCO) and La, ;CayMnOj5.
Samples show simultaneous ferromagnetism of the LCMO
and superconductivity of the YBCO. Superconductivity is
depressed when the YBCO thickness is reduced for constant
thickness of the LCMO layers. Comparing the YBCO thick-
ness dependence of F/S bilayers and F/S/F trilayers we find
that the interplay is dominated by the proximity effect at
short length scales while spin diffusion rules the 7. depres-
sion at longer length scales. We get an estimate of 10 nm for
the spin diffusion length.

EXPERIMENT

Samples were grown on (100)-oriented SrTiO; (STO)
single crystals in a high-pressure (3.4 mbar) dc sputtering
apparatus at high growth temperature (900 °C). Atomic
force microscopy (AFM) observations of the surface of the
STO substrate showed wide flat terraces with steps of a
height of 1 unit cell. The high oxygen pressure and the high
deposition temperature provide a very slow (1 nm/min) and
highly thermalized growth which allows the control of the
deposition rate down to the unit cell limit. For this study we
grew F/S bilayers and F/S/F trilayers keeping the thickness
of the LCMO fixed at 40 unit cells (15 nm) and changing the
thickness of the YBCO between 1 unit cell (1.2 nm) and 40
unit cells (48 nm). Structure was analyzed using x-ray dif-
fraction and transmission electron microscopy. Further de-
tails about growth and structure can be found
elsewhere.!®?-2 In particular transmission electron micros-
copy shows flat interfaces over nanometer length scales.”
X-ray refinement techniques using the SUPREX 9.0 software
were used to obtain quantitative information about the inter-
face roughness at longer length scales.’® 7, was measured
from four-contact resistance measurements as the zero-
resistance temperature in linear scale resistance plots. Mag-
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FIG. 1. Small-angle x-ray reflectivity of various bilayers with
different YBCO thicknesses. Layer sequence from top layer to sub-
strate is YBCO/LCMO/STO (a), LCMO/YBCO/STO (b), and
LCMO/YBCO/PBCO/STO (c). LCMO thickness is 40 unit cell in
all cases. YBCO layer thickness from bottom to top is 4, 6, 8, 10
unit cells in (a), 4, 6, 8, 10 unit cells in (b), and 2, 4, 5, 7 unit cells
in (c). Lines in the figure are fits of the low-angle reflectivity using
the SUPREX program (Ref. 30).

netization was measured in a superconducting quantum in-
terference device (Quantum design) magnetometer.

RESULTS AND DISCUSSION

We have grown F/S bilayers with the YBCO on top of the
LCMO (which will be referred to as YBCO/LCMO/STO bi-
layers) and with LCMO on top of the YBCO (which will be
called LCMO/YBCO/STO bilayers). Figures 1(a) and 1(b)
show small-angle reflectivity spectra of both sets of samples.
Lines in the figure are fits of the low-angle reflectivity using
the SUPREX program.*® Due to finite-size effects the width of
the 001 Bragg peak of the YBCO increases when the thick-
ness is reduced and Laue side oscillations appear with a
modulation which is directly related to thickness. YBCO
layer thickness can then be obtained from the width of the
Bragg peak using Scherrer’s formula and from the Laue
finite-size oscillations. The rapid modulation at small angle
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FIG. 2. Hysteresis loops at 90 K (just above the superconduct-
ing onset) after zero-field cooling of YBCO/LCMO/STO (open
squares), LCMO/YBCO/PBCO/STO (open triangles), and LCMO/
YBCO/LCMO/STO (solid circles). LCMO layer thickness is 40
unit cells (15.5 nm), and YBCO layer thickness is 8 unit cells
(9.3 nm).

is produced by the total thickness of the sample, which al-
lows then obtaining the thickness of the manganite layer by
subtraction. It can be readily seen that for similar total thick-
ness the number of finite-size oscillations is smaller for
LCMO/YBCO/STO than for YBCO/LCMO/STO samples,
evidencing a rougher F/S interface. Quantitative x-ray fitting
using the SUPREX program produced roughness values of
0.4 nm for the former and 0.8 nm for the latter. This prob-
ably results from the larger lattice mismatch of YBCO (a
=0.383 nm, »=0.389 nm) with STO (0.3905 nm) than with
LCMO (0.387 nm). X-ray fitting also showed mean squared
roughness values of the STO of 0.4 nm, in agreement with
AFM observations showing wide flat terraces with steps of 1
unit cell in height. To improve the growth of the YBCO on
the STO substrate we used a 6-unit-cell PrBa,Cu;0, (PBCO)
buffer, which is isostructural to the YBCO though nonsuper-
conducting (semiconducting). In-plane lattice parameters of
PBCO are about 1% larger than those of YBCO, thus pro-
viding a better epitaxy on STO. Figure 1(c) shows the x-ray
reflectivity of these LCMO/YBCO/PBCO/STO samples. It is
worth pointing out that the quantitative roughness analysis
with the SUPREX software produced the same rms roughness
values for the F/S interface of YBCO/LCMO/STO and
LCMO/YBCO/PBCO/STO samples, which allows compar-
ing the superconducting properties of both sets of samples
free of the effect of interface roughness.

Figure 2 shows hysteresis loops of YBCO/LCMO/STO
and LCMO/YBCO/PBCO/STO samples. It can be observed
that LCMO samples grown on YBCO show depressed mag-
netization values as compared to layers grown directly on the
STO. Figure 2 shows also data of F/S/F trilayers, where the
top LCMO layer had also depressed magnetization. Further-
more, the growth on YBCO was accompanied by an increase
of the Curie temperature from 208 to 250 K as observed
previously by Yang et al.,’' in thicker samples. It is impor-
tant to point out that the reduced magnetizations do not result
from interface roughness and might be related to interface
strain. Note that lattice mismatch between YBCO and
LCMO, though small, is strongly anisotropic which may
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FIG. 3. Resistance curves of bilayers with different YBCO
thickness. Layer sequence from top layer to substrate is YBCO/
LCMO/STO (a) and LCMO/YBCO/PBCO/STO (b). YBCO layer
thicknesses in the direction of increasing critical temperatures are 4,
5, 6, 8, 10 unit cells in (a), and 2, 3, 4, 5, 8 unit cells in (b). (c) T,
dependence on YBCO thickness for various samples: YBCO/
LCMO/STO (open squares), LCMO/YBCO/PBCO/STO (solid
squares), and reference PBCO/YBCO/PBCO trilayers (open
circles).

cause inhomogeneous strain fields at the interface which may
be at the origin of phase separation effects in the LCMO
layers.3>33

Figures 3(a) and 3(b) show resistance curves of YBCO/
LCMO/STO and LCMO/YBCO/PBCO/STO samples. We
have used the PBCO buffer since aside from providing a
better growth as discussed above, it has been reported that
YBCO single films directly grown on STO substrates have
smaller 7, values as compared with samples grown in PBCO
buffers.’* Both samples show the critical temperature to de-
crease when the thickness of the superconducting layer is
reduced. However, while YBCO/LCMO/STO bilayers show
broad tails for the smallest YBCO thicknesses pointing to a

104513-3



V. PENA et al.
1.01 'Y q
:ﬁ ®
°
]
0.87 my | o0
(=] o |:] .
k= 061 g 1.2 )
|_o .Q}:o . )
0.4 - d
H o 0.8 4
0.2 H
0.8
1 N ey 10
0.0+ T T
0 10 20 30
N (u.c.)

FIG. 4. T, normalized to the critical temperature of PBCO/
YBCO/PBCO trilayers of LCMO/YBCO/LCMO/STO trilayers
(solid circles), LCMO/YBCO/PBCO/STO (open squares), and
YBCO/LCMO/STO (solid squares) F/S bilayers as a function of
YBCO thickness. Inset: log-log plot of the data corresponding to
LCMO/YBCO/PBCO/STO samples.

nonhomogeneous superconductivity depression, LCMO/
YBCO/PBCO/STO samples show narrower transitions. Fig-
ure 3(c) shows T, values for both sets of samples compared
with T.. of PBCO/YBCO trilayers and superlattices. It can be
noticed that 7. already decreases for PBCO/YBCO structures
when YBCO thickness is reduced®-*¢ as a result of epitaxial
strain relaxation or dimensionality effects, but the decrease is
more pronounced for samples with ferromagnetic layers as a
result of the strong F/S interplay observed previously in
trilayers and superlattices.”®?*37 Interestingly, LCMO/
YBCO/PBCO/STO samples with much lower magnetization
than YBCO/LCMOY/STO bilayers show also higher 7. values
for the same thickness values of the individual YBCO layers,
which further supports the role played by the interplay be-
tween ferromagnetism and superconductivity in depressing
the critical temperature in these samples.

To rule out growth-related effects like disorder or rough-
ness of the YBCO layer, it is interesting to examine the de-
pression of the critical temperature in F/S/F trilayers of the
same thickness of the YBCO and LCMO layers as in F/S
bilayers. If the 7. depression were caused by disorder, re-
duced dimensionality or any other process within the YBCO
layer, one would expect the 7, to be the same for trilayers as
for bilayers. If on the other hand the 7. depression is due to
processes originating at the YBCO/LCMO interface like spin
diffusion or the F/S proximity effect, twice the thickness of
YBCO is required in trilayers to produce the same 7. change
as in the corresponding bilayer. Figure 4 shows the evolution
of the ratio T,/ T(C) of T, over the critical temperature 72 of
PBCO/YBCO/PBCO samples, for bilayers and F/S/F trilay-
ers as a function of YBCO thickness. Data corresponding to
two different bilayers, LCMO/YBCO/PBCO/STO (open
squares) and YBCO/LCMO/STO (solid squares), have been
included in Fig. 4. The thickness of the LCMO layer is 40
unit cells in all cases. It can be observed that roughly twice
the thickness of the YBCO is necessary for LCMO/YBCO/
LCMO trilayers to have the same 7. as YBCO/LCMO/STO
bilayers, pointing to interface processes like spin diffusion or
the F/S proximity effect as possible causes for Tc depression.
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Notice also that the bulk 7. is recovered for 10-unit-cell-
thick YBCO and that 20-unit-cell-thick layers are necessary
in the case of trilayers. It is worth pointing out that since the
magnetization of LCMO layers grown on top of YBCO is
depressed as compared with LCMO grown directly on STO,
LCMO/YBCO/PBCO/STO bilayers (open squares in Fig. 4)
show larger T, than YBCO/LCMO/STO (solid squares) for
the same YBCO thickness, and thus somewhat longer than
twice the YBCO thickness is necessary to get the 7, of the
trilayers. In view of the high degree of spin polarization of
the LCMO, and since Andreev reflection, and consequently
the proximity effect, does not occur in a half metal, effects
due to spin injection are expected to dominate over those
related to the proximity effect. However, we have recently
reported indications of a proximity effect in these samples
extending distances of 5 nm into the ferromagnet.”” We pro-
vide here further support for the existence of a proximity
effect in bilayers with small thickness of the superconducting
layer. Due to the good epitaxial properties of YBCO, PBCO,
and LCMO, we can compare the critical temperature of F/S
bilayers with and without a PBCO barrier between the F and
the S materials. The presence of the semiconducting PBCO
spacer will certainly suppress two-particle transport (i.e.,
proximity effect) although single electrons will still find a
small resistance to tunnel through.?® Figure 5 shows a com-
parison of resistance curves of samples with and without a
6-unit-cell-thick PBCO spacer between F and S layers, for
various YBCO thicknesses. It can be observed that signifi-
cant (partial) recovery of the critical temperature occurs for
very thin YBCO layers pointing to the existence of a differ-
ent mechanism of superconductivity suppression taking
place at short length scales, which may be an indication of
the proximity effect. Moreover, the recovery of the critical
temperature when insulating PBCO is introduced between F
and S layers is no longer observed in samples with thicker
YBCO, what is also consistent with the proximity effect sce-
nario, since the critical temperature is less influenced by
proximity effect when the thickness of the superconducting
layer increases. In the framework of the F/S proximity effect,
no matter the thickness of the ferromagnetic layer, the bulk
T. remains basically unaffected for superconducting layers of
thickness dg, larger than roughly ten times the Ginzburg-
Landau coherence length &(0),' which is very short in this
superconductor (0.1-0.3 nm). Therefore no depression of
the critical temperature originating at the F/S proximity ef-
fect is expected for YBCO thickness values larger than 4 unit
cells. The inset of Fig. 4 shows a log-log plot of the critical
temperature as a function of YBCO thickness, where the
kink at 5 unit cells suggests that in fact a second mechanism
may be ruling the T, depression at small YBCO layer thick-
ness. The depressed magnetization found in the LCMO lay-
ers grown on top of YBCO provides a physically reasonable
basis for the existence of a proximity effect. If the sample
consists of isolated ferromagnetic regions separated by dis-
tances longer than the coherence length of the ferromagnet
superconductivity may penetrate nonhomogeneously into the
LCMO along these nonferromagnetic regions. In summary,
we find indications of the F/S proximity effect acting to de-
press T, at low YBCO thickness, although we cannot rule out
other charge transfer phenomena taking place at the interface
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FIG. 5. Resistance curves of LCMO/YBCO/PBCO/STO bilay-
ers (solid symbols) and same samples with a 6-unit-cell-thick
PBCO spacer between F and S layers. YBCO thickness are 1 (a), 3
(b), and 5 (c) unit cells.

as a result of band bending or polarity mismatch. We have
recently found from atomic resolution electron energy loss
spectroscopy that significant electron transfer occurs from
the manganite into the YBCO.?* As a result, the density of
holes is depressed over roughly 3 unit cells from the inter-
face, which will certainly also affect the critical temperature
of the YBCO at the interface. Introducing a PBCO spacer
will also limit this charge transfer mechanism providing an
additional mechanism for the 7, recovery observed in Fig. 5.
At present we cannot assess the relative importance of
charge transfer and proximity effect. Note from the inset of
Fig. 4 that significant T, depression is still observed for layer
thickness above 5 unit cells both for bilayers and for trilayers
(see Fig. 4) pointing to quasiparticles as the source of pair
breaking for this YBCO thickness range. This, of course,
does not mean that (single) quasiparticle penetration does not
affect T, for thinner YBCO, but the effect of proximity
seems to be superimposed. Since the bulk 7 is recovered for
10-unit-cell YBCO layer thickness in F/S bilayers and
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roughly for 20-unit-cell-thick layers in F/S/F trilayers, we
can estimate a length scale of 10 nm ruling superconductiv-
ity suppression into the YBCO in this system.

Now we discuss the relative importance of quasiparticles
with energies above or below the superconducting gap in
depressing the critical temperature. At or close to 7. a frac-
tion of spin-polarized quasiparticles will exist with energies
around or below the gap value, and these will have a pen-
etration depth of the order of & which diverges at 7.
[&(T)=&4(0)/(1-T/T,)"?]. The number of quasiparticles
decreases when gap size is increased, i.e., when temperature
is decreased. Thus when the thickness of the superconductor
is increased beyond the length scale of the depressed gap by
the proximity effect, this will also reduce the number of eva-
nescent quasiparticles since their accessible energy range be-
comes narrower. Gap suppression by evanescent quasiparti-
cles is then a physical scenario to discuss the
superconductivity depression when the YBCO thickness is
reduced. However, note that close to 7T, the fraction of qua-
siparticles with energy lower than the gap will be small, and
therefore this mechanism is expected to be dominant at low
temperatures as experimentally found by Gu et al.?® In our
measurement geometry the current flows in the plane of the
layers; therefore spin diffusion from the LCMO layer into
the YBCO may result from self-diffusion or from electron
scattering within the ferromagnetic layers. LCMO is a rela-
tively bad metal and many collision events will result in
electrons being scattered into the YBCO. These electrons
will be highly spin polarized and are expected to cause 7
depression by pair breaking as previously discussed by other
authors**#2 if the YBCO thickness is smaller than the spin
diffusion length, /5. An estimate of Ig in YBCO can be ob-
tained using the relation I[g=(lpwr7s)">,*' where 7 is the
spin-polarized quasiparticle diffusion time, v is the Fermi
velocity, and [, is the electron mean free path. 7g can be
estimated by the relation 7~ 3.7 kgT./E.,A(T), where E,,
~30 K is the average on-site spin exchange interaction in
YBCO and A(T)=A(0)(1-T/T,)% is the temperature-
dependent gap. Assuming a value of 7g=10"3s2* v,
=107 cm/s and that the electron mean free path of YBCO is
lp=20 nm, [ can be of the order of 14 nm, in agreement with
the 10 nm estimated recently by Soltan et al.** This work
also reports on LCMO/YBCO bilayers although focusing on
much thicker YBCO layer thickness.

In summary, from our experiments on bilayers and trilay-
ers made of highly spin-polarized LCMO and high-T',. super-
conducting YBCO we have found two mechanisms for 7.
depression at the interface. One occurring at short length
scales (YBCO thickness smaller than 5 unit cells) might be
related to a F/S proximity effect and the other occurring at
longer length scales is most likely due to pair breaking by
spin-polarized carriers entering the superconductor. The de-
pendence of the 7. of F/S heterostructures on the thickness
of the superconducting layer has allowed us to get an esti-
mate for the length scale of superconductivity suppression by
spin-polarized quasiparticles in the YBCO of 10 nm. At
present we cannot ascertain whether evanescent quasiparti-
cles with energies below the superconducting gap or spin
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diffusion with energies larger than the gap are responsible for
the long-length-scale superconductivity depression. Experi-
ments with the current directed perpendicular to the layers
will help to clarify this point.
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