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The existence of magnetic and superconducting order in a [(Lagy;Cag3MnO3) 00 a/(YBayCuz07_5)100 Alio
superlattice has been studied by polarized neutron reflectometry, SQUID magnetometry, and resistivity mea-
surements. The magnetization line shapes observed by SQUID magnetometry under zero-field-cooled and
field-cooled conditions imply an inhomogeneously disordered magnetic state of the manganite blocks. This is
substantiated by resistivity measurements and polarized neutron reflectometry. Resistivity measurements under
field-cooled conditions reveal strong perturbations, which imply that the ferromagnetic La,;Caj3MnO5; blocks
contain strong magnetic disorder with perturbations coupled to the magnetic order via charge hopping between
domains. Polarized neutron reflectometry under zero-field-cooled conditions, below the superconducting tran-
sition, reveal a noncollinear ferromagnetic structure, coherent across half the superlattice blocks. Across the
superconducting transition, the noncollinear components are perturbed by the superconducting order and at-
tempt to align with the dominant ferromagnetic order. Additionally, the magnetic correlation length increases
from half the superlattice structure to a magnetic structure correlated across the complete superlattice. At
temperatures above the superconducting transition, the noncollinear magnetic components and the magnetic

correlation length relax to the structure observed below the superconducting transition.

DOI: 10.1103/PhysRevB.74.224414

I. INTRODUCTION

Multilayer superconducting/ferromagnetic (SC/FM) struc-
tures are under intense study due to both a fundamental in-
terest and the possible applications in the spintronics indus-
try. Recent advances in the fabrication of heterostructures
comprising cuprate and manganite components offer the pos-
sibility of spintronic applications involving giant magnetore-
sistance and high-7',. superconductivity. In fact, giant magne-
toresistance (GMR) has recently been observed in trilayers
comprising Laj;CaysMnO; (LCMO) and YBa,Cu;0,_g
(YBCO) components! with the GMR effect intrinsically
linked to the superconducting state of YBCO. Furthermore,
theory predicts a dependence of the superconducting critical
current on the spin polarization of the adjacent ferromagnetic
blocks,? thus offering another degree of freedom for the spin-
tronics industry. Fundamentally these systems are interesting
due to their antagonistic ground states, which typically re-
sults in the suppression of the superconducting order param-
eter in close proximity to a ferromagnetic block. However,
under certain conditions superconductivity and magnetism
are able to coexist. In these cases, this can lead to exotic
behavior as a direct result of the proximity effect between
superconducting and ferromagnetic phases.? In order to study
the interactions between ferromagnetism and superconduc-
tivity in a systematic approach, it is possible to use articifi-
ally grown superstructures comprising ferromagnetic and su-
perconducting blocks. In particular, it is possible to control
the magnitude of the exchange interactions by varying the
relative thickness of each component. This was initially
achieved with BCS superconductors. First, a two-
dimensional to three-dimensional variation of the upper criti-
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cal field was observed with a nonmonotonic dependence of
the superconducting transition temperature (7Tsc) on the
thickness of the ferromagnetic layers.* Second, an oscillatory
Tgc is obtained by varying the thickness of the ferromagnetic
layers.” In these systems, the magnetic blocks would be suf-
ficiently thin to ensure their pair-breaking effect would not
destroy the superconducting state. However, recent measure-
ments on Gd/La superlattices have revealed, for the first
time, the interplay between 3D superconductivity and mag-
netism in a superlattice thats exhibit magnetic coupling.®

In the previous examples, the ferromagnetic correlation
length extends to several thousand angstroms and the corre-
lation lengths of superconducting elemental metals are sev-
eral hundred angstroms. In contrast, cuprates and transition-
metal oxides are characterized by short correlation lengths
and these lengths are comparable for the superconducting
and ferromagnetic ground states, {gc and &gy, respectively.
Furthermore, &g is highly anisotropic with &c~3 A along
the ¢ direction, perpendicular to the CuO, planes, and
~10-20 A in the a-b plane, parallel to the CuO, planes. In
contrast, &gy is isotropic and ~100 A for transition-metal
oxides. The energy scales in these systems are therefore
comparable and thus their mutual effects are strongly en-
hanced.

A strong interplay between superconducting and ferro-
magnetic order has been observed in LCMO/YBCO
superlattices’ with a suppression of T and the Curie tem-
perature (T,). It was determined that the reduced T, arose
from an inhomogeneous magnetization depth profile due to
the suppression of magnetization at the interfaces as a direct
consequence of charge transfer between the two materials.®”
In addition, polarized neutron reflectometry (PNR) results
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FIG. 1. (Color) Scan of wave-vector transfer around the (0 0 2)
reciprocal-lattice reflection. The circles are the experimental data
and the dashed line is a fit using the model described by Jehan et al.
(Ref. 13). Inset: scan of @ around the (1 0 3) Bragg reflection at 265
and 10 K to monitor the moisaicity.

implied either AF magnetization in the YBCO layers or a
dead region in the ferromagnetic layer.!?

In this work, a comprehensive study investigates LCMO/
YBCO superlattices via SQUID magnetometry, resistivity
measurements, and PNR. The aim is to correlate electronic
and magnetic details in these very complex systems. The
study focuses on in-plane correlations to probe the long-
range magnetic order, typically in-plane for LCMO, and su-
perconducting order where the CuO, planes are essential to
the development of superconducting order.

II. STRUCTURE

Highly epitaxial single-crystal, [LCMO, ¢ 4/
YBCO, oy alxio, superlattices have been grown by dc sput-
tering at the University of Salerno.!! The samples were
grown on a SrTiO; (STO) substrate with the [0 0 1] compo-
nent in the growth direction. The superlattice structure is
deposited directly onto the subtrate with LCMO the first
component grown onto the substrate. LCMO, YBCO, and
STO have small lattice mismatches, and this makes it pos-
sible to grow high-quality single-crystal heterostructures.
The lattice parameters, a=3.881, b=3.867, and ¢=5.829 A
[c=11.694(2) A], were determined by x-ray diffraction us-
ing the (1 0 3), (0 1 3), and the (0 0 2) for the LMCO
(YBCO) block Bragg positions. As expected for epitaxial
films, the in-plane lattice parameters match the substrate.!”
The mosaicity of the sample as measured at the (0 0 2) po-
sition is 0.35+0.01° [full width at half maximum (FWHM)],
and this indicates a high-quality crystalline structure. Figure
1 shows x-ray scattering along the growth direction around
the (0 0 2) Bragg reflection. The (0 0 2) reflection is sensitive
to the structural correlation of the average bilayer repeat and
can be modeled according to the structural model of Jehan
et al.'® In this model, the number of planes and the interpla-
nar spacing are allowed to vary and a tanh function is used to
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represent the variation of concentration and d-spacing at the
interface. The dashed line in Fig. 1 is the fit to a model for an
average bilayer with YBCO thickness=129+1 A, LCMO
thickness=105+1 A, and an interface roughness of 2 atomic
layers. Scans of wave-vector transfer along [H 0 0] and
[0 K 0] give in-plane correlation lengths of £€=850 and
350 A, respectively, while the out-of-plane correlation length
is restricted to the individual blocks.

The inset of Fig. 1 shows a scan around the (1 0 3) Bragg
reflection at 265 and 10 K. The mosaic spread and intensities
are equivalent for the two temperatures, thus indicating that
there is no increased strain in the systems as a result of
poorly matched thermal parameters of the three components
in the superlattice.

III. RESISTIVITY

Superconducting order was established via resistivity
measurements using the four-probe method taking special
care to remove any external influences through the use of a
lock-in amplifier. Measurements were performed under zero-
field-cooled (ZFC) and field-cooled (FC) conditions with the
sample cooled in zero external field to base temperature for
ZFC and cooled in a small field, H ~ 50 Oe, before measur-
ing the FC state.

The ZFC resistivity line shape, given in Fig. 2(a), clearly
shows the LCMO metal to insulator (M-I) transition
T~ 175 K. In contrast, Pietro et al.'* did not observe a M-I
transition for LCMO blocks with a thickness of 4 unit cells
and assigned this to the two-dimensional character of the
LCMO blocks. The M-I transition observed in this work un-
der ZFC conditions would therefore imply the three-
dimensional character of the LCMO blocks. The ZFC resis-
tivity line shape also clearly shows the superconducting
transition, Tgc, of the YBCO blocks, Tgc=69+1 K. The
relative width of the superconducting transition is broad,
AT=5 K, and reflects imperfections within the superlattice
structure with respect to a perfect crystal. The low value of
T'sc found for these superlattice structures can originate from
either a low oxygen stochiometry or a dimensionality effects.
Tgc of bulk YBCO has a strong dependence on oxygen
content.” In a bulk sample, Ts-=69 K would indicate a de-
ficient oxygen content of approximately 6.78 per unit cell.
This is also reflected in the lattice parameter with a c-lattice
parameter equal to 11.700 A, close to the lattice parameter
observed 11.694 A, corresponding to an oxygen content of
6.78 per unit cell.'”> However, the strain imposed by the sub-
strate and the components of the heterostructure alters these
values. In particular, Tgc varies with YBCO thickness and a
variation of Tgc~35.5 K to bulk 7Tsc, ~89 K has been ob-
served by the crystal growers for film thickness between
3unit cells and 300 A, approximately 26 unit cells,
respectively.'® Equally, a study of LCMO/YBCO superlat-
tices with 15 unit cells of LMCO revealed that an increase of
YBCO thickness from 3 to 15 unit cells results in a change
in Tgc from 20 K to the bulk value.'” As such, in this study
with YBCO blocks comprising 11 unit cells, Tgc would be
expected to reach the bulk value. Therefore, with such rea-
soning, the origin of the low Tsc value can be ascribed to a
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FIG. 2. (a) ZFC resistivity measurements showing the LCMO
M-I transition and the YBCO superconducting transition. (b) FC
resistivity measurements with Hp,ji.q=50 Oe. Large perturbations
are assigned to a conductive phase separation within the LCMO
blocks. The flattening of the resistivity line shape is due to overload
effects.

small deficiency of oxygen stoichiometry. Unfortunately,
such reasoning is incorrect since oxygen stoichiometry also
affects the atomic positions in the YBCO unit cell, and it has
been demonstrated that an oxygen deficiency leads to a re-
duced distance between the two CuO, planes'® for single
crystals. In the case of thin film or superlattice samples, the
distance between the CuO, planes, variable through the
strain in the heterostructure, varies Tgc in precisely the same
manner that deoxygenation varies Tgc.!” It is therefore diffi-
cult in this study to determine the exact origin of the reduced
Tsc value.

The FC resistivity, measured with Hp.4=50 Oe in the
alb plane, is shown in Fig. 2(b). Although the M-I transition
remains a clear feature, this transition is broader than under
ZFC conditions. Below 150 K, strong perturbations in the
resistivity appear. These fluctuations disappear below Tgc.
Noise in resistivity line shapes has been observed in LCMO
thin films grown on STO substrates® and has been explained
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in terms of the percolation effect. It was shown that in some
parts of the manganite phase diagram, there may be percola-
tionlike transitions between more and less conductive phases
that would lead to fluctuations in the resistance. These phases
may be electrical or magnetic in origin. Each state has a
different conductivity and thus makes a different contribution
to the overall conductivity. The percolation effect has been
used to describe the M-I transition where the transition oc-
curs via such a multiphase state. As such, the fluctuations
would be strongest around the M-I transition. However,
strong interactions between the spin and lattice in mangan-
ites can give rise to an inhomogeneous charge distribution
even in the metallic phase. Thus, the fluctuations can be
coupled to the magnetization, and this has been explained in
terms of charge hopping between domains in an inhomoge-
neous disordered magnetic material.?%?! It was suggested®?
that the electrons may be localized in ferromagnetic wave
packets and the current at low temperature is transported by
zero point hopping of the carriers between these packets
across barriers that are associated with canted spins. The
magnetic structure in this case is likened to an ensemble of
ferromagnetic clusters in a paramagnetic matrix resembling a
spin glass. Additionally, ferromagnetic clusters distributed in
an antiferromagnetic matrix are also reported for several
electron-doped manganites,”>?> and for certain concentra-
tions this can lead a strongly frustated magnetic state.® The
magnetic moment observed in such systems is greatly re-
duced in comparison to the moment of Mn in the fully or-
dered ferromagnetic state.

The origin of the resistance noise can be characterized by
its dependence on applied magnetic field and via its fre-
quency domain.?'?”? Wirth et al.?! determined that the
mean fluctuating lifetime would have a strong dependence
on the applied magnetic field,

EZ(H= 0) + (ml — mw)H
kT '

)= To €Xp (1)
E, is the energy barrier of the state, m; and m,, are the mag-
netic moments of the two states of the fluctuator and at the
energy barrier separating the two states, and kp is
Boltzmann’s constant. Wirth et al.?! found E;=23+2 meV,
T9,=3.11X 10°'"'s, and  m;—-m,~550m, for bulk
Lay ;Cay3sMnO5. According to Eq. (1), the mean fluctuating
lifetime, 7;, for 50 Oe is three orders of magnitude faster than
that observed for 200 Oe. The random nature of the fluctua-
tions makes it difficult to determine an absolute fluctuating
lifetime. Nevertheless, Fig. 3 clearly shows that the mean
lifetime of the fluctuations is greaty enhanced with the appli-
cation of a larger magnetic field.

The random nature of resistivity noise results in large
variations between equivalent samples,>'?® and although it is
difficult to determine a mean fluctuating lifetime, it is never-
theless possible to ascertain the frequency content of the re-
sistance fluctuations via Fourier transformation. Resistance
noise due to magnetic domain fluctuations in manganites
typically show a 1/f, f=frequency, spectral power
dependency.?’-? Figure 4(a) reveals the frequency domain of
the resistivity line shapes of Fig. 2 for an applied field of
(a)(i) 50 and (a)(ii) 200 Oe across a range of temperatures.
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FIG. 3. Time dependence of the resistivity fluctuations under the
application of (a) 50 Oe and (b) 200 Oe at 100 K.

The frequency indeed shows a 1/f power-law dependence
with a large increase in spectral power for smaller frequen-
cies. The variation in temperature, from 128(1) to 74(2) K in
the case of 50 Oe and from 114(2) to 89(2) K in the case of
200 Oe, does not substantially alter the spectral power. How-
ever, the application of an increased applied magnetic field
gives rise to a broader frequency spectrum with diminished
spectral power. Hence the scattering centers that lead to the
resistance noise do not alter with temperature but are
strongly affected by a magnetic field. The large variations in
spectral density with temperature are rather strange and re-
quire further study.

The temperature dependence of the total spectral power
for 50 and 200 Oe, Fig. 4(b), is greatly enhanced below
150 K and becomes negligible below 7~ 50 K for both ap-
plied fields. We do not assign these fluctuations to strain
effects within the superlattice since they become substantial
below 150 K and we see, via the mosaicity and intensity of
the (0 0 2) Bragg peak, that the strain does not vary greatly
with temperature.

Resistance noise originating from the M-I transition via
the percolation mechanism is expected to be present in a
small region surrounding the M-I transition.”’” However, in
several manganite systems, including this study, resistance
noise has been observed over a large temperature range.’>!
In particular, the study by Wirth e al.?' reveals resistivitiy
noise in the range 167<T<15K for thin films of
La,;;Ca;3sMnOs;. This is possible for a system with an inho-
mogeneous magnetic state, even at low temperatures, in
which the conductive properties of the different phases
lead to resistance noise. In fact, a uSR study on
Gdy o3CaySrj 9o-yMnO5 (y >0.5) revealed an inhomogeneous
distribution of the internal magnetic field even at 5 K.3
These data, with the corresponding analysis and comparison
with previous manganite studies, infer a magnetic origin of
the resistance fluctuations in these superlattice systems. The
magnitude of such noise can increase dramatically as a func-
tion of structural disorder and strain, and this could be the
origin of the large variations in spectral density with tem-
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FIG. 4. (Color) (a) Fourier domain of the fluctuating resistivity,
spectral power in units of (m{) cm)?. As observed in Fig. 3 under
applied field (a)(i) 50 Oe [128(1) K, 116(2), and 74(2) K] and
(a)(ii) 200 Oe [114(2), 115(2), and 89(2) K]. (b) shows the total
spectral power of the Fourier transform as a function of
temperature.

perature. Further investigations of the conductive properties
of LCMO/YBCO heterostructures are required to fully un-
derstand this behavior.

IV. MAGNETIZATION

dc magnetic susceptibility was measured using a SQUID
magnetometer (Quantum Design MPMS) at the University of
Liverpool and at the CNRS, Grenoble. Figure 5 shows the
ZFC and FC magnetization line shapes with a field of 30 Oe
in the a-b plane.

A ferromagnetic transition corresponding to the ordering
of the LCMO blocks occurs at 7.=197+5 K for both the FC
and ZFC curves. This is a depressed value in comparison to
bulk LCMO with T, reported in the range of 230-260 K.3!
The magnetization curve of the FC state is typical for ferro-
magnetic LCMO and indicates a saturation magnetization of
0.059(2) ug/Mn, a much reduced value from the saturation
moment for bulk Mn, 3.64up/Mn. A small value for the
magnetic moment has previously been observed in LCMO/
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FIG. 5. (Color) Temperature dependence of the magnetization
under FC and ZFC conditions. Hyypjieq=30 Oe along the a-b plane
of the sample. The inset shows the dependence of the ZFC curve
under increasing applied field when measuring from base tempera-
ture to 300 K.

STO superlattices, 0.12u5/Mn, and was attributed to the ep-
itaxial strain and/or dead layers arising from surface or inter-
face disorder.>? An equally small magnetic moment has been
observed in LCMO/YBCO superlattices’ and was attributed
to charge transfer between the two materials.

There is a marked contrast between the FC and ZFC mag-
netization line shapes. In the ZFC line shape here are two
perturbations in the ZFC magnetization line shape. The first
perturbation around 7~ 120 K is reminiscent of antiferro-
magnetic order and thus appears to mimic the behavior of
Gd/La superlattices where long-range 3D superconducting
order in the La blocks coexists with antiferromagnetic order-
ing of ferromagnetic Gd blocks.® However, the maximum of
the ZFC curve, inset of Fig. 5, is strongly field-dependent.
This is typical of a spin glass or the ferromagnetic clusters of
mictomagnetic order.’> PNR was essential to differentiate be-
tween antiferromagnetic ordering of the LCMO blocks and a
less homogeneous magnetic state.

V. POLARIZED NEUTRON REFLECTOMETRY

PNR has been performed using D17 at the Institut Laue-
Langevin. The magnetic scattering cross section for neutrons
is comparable to the nuclear cross section, making neutron
scattering an ideal tool in the investigation of magnetic struc-
tures. Additionally, by probing the change in the polarization
state of the neutron upon scattering, it is possible to separate
the nuclear from the magnetic cross section, and magnetic
moment directions can be directly determined.* In the scat-
tering geometry, employed for reflectivity, the wave-vector
transfer Q=Kk;—k; is perpendicular to the basal plane and
parallel to the growth direction. Hence the magnetization
profile along the growth direction perpendicular to the a/b
plane is probed. PNR provides four scattering cross sections,
which shall be denoted R++, R—- for non-spin-flip (NSF)
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FIG. 6. (Color) PNR under ZFC conditions at (a) 45 K showing
the O R——, O R++, and O R+—, R—+ cross sections. The red and
black dashed lines are a fit to the data. The vertical dashed line
indicates the position of the first structural Bragg peak. (b) Reflec-
tivity data plotted on a linear scale to show clearly the behavior of
the non-spin-flip scattering cross section for (i) ZFC 5 K and (ii)
ZFC 45 K.

scattering and R+—, R—+ for spin-flip (SF) scattering. NSF
cross sections are sensitive to wlH and g 1 Q while SF
cross sections are sensitive to & L H and g L Q. The sample
was mounted in a variable temperature cryostat. ZFC condi-
tions were achieved by cooling the sample in zero field be-
fore applying a small guide field along the a/b plane provid-
ing H~ 50 Oe on the sample. FC conditions were achieved
by cooling in the small guide field. All the experiments men-
tioned in this work have been performed on the same origi-
nal sample to ensure that the datasets between different
probes were comparable. The original sample surface area
measured 10X 10 mm?. The sample had been cleaved for the
SQUID measurements and PNR was performed on the re-
maining sample with a surface area 5 X 10 mm?. PNR mea-
surements were performed across Tgc at 5, 45, 68, and 100 K
and furthermore under FC conditions at 5 K.

Figure 6(a) shows the reflectivity curves obtained at 45 K
ZFC. All data have been corrected for supermirror and flip-
per efficiencies.>> The vertical dashed line in Fig. 6(a) indi-
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cates the position of the first structural Bragg peak, and at
this position a large difference in scattering intensity of the
NSF scattering is observed indicating strong ferromagnetic
order in the a/b plane. The SF scattering is very broad in Q
and shows no Bragg peaks. This is in agreement with results
observed by Hoffmann et al.” Further details regarding the
SF scattering are described in a later paragraph.

The red and black dashed lines of Fig. 6(a) are a fit to the
data using a simple model with in-plane ferromagnetic order-
ing of the LCMO blocks. In this model, the LCMO blocks
are correlated across the complete superlattice along the ¢
direction.’® The fit determines a magnetic moment of
0.065(5) up/Mn atom. Such a small moment is supported by
the negligible difference in the critical angle of the reflectivi-
ties R++ and R——. In addition, the magnitude of the mo-
ment is comparable to that found by SQUID magnetometry,
0.059(2)up/Mn in the FC phase. The small magnetization
magnitude is consistent with ferromagnetic clusters in a ran-
domly oriented magnetic matrix. In this work, the magneti-
zation of the LCMO blocks is 90 emu/cm?®. This is indeed
much smaller than that observed by Moon-Ho et al.3? for a
250-A thin film on an STO substrate, 400 emu/cm?, but is
equivalent to a multilayer sample comprising a
[25 A(LCMO)/70 A(STO)]; multilayer  that showed
150 emu/cm?. Moon-Ho et al. assign the loss of magnetiza-
tion to magnetic disorder at the interfaces. PNR is sensitive
to the correlation length of the magnetic order along the
growth direction, and these data reveal that a small moment
exists throughout the LCMO blocks, not just at the inter-
faces. These data thus indicate an inhomogeneous order of
the LCMO blocks leading to a small magnetization value.

Reflectivity data are historically shown on a logarithmic
scale. The small deviations observed in these data sets re-
quire closer analysis, and this is possible on a linear scale as
shown in Fig. 6(b) for (i) 5 K and (ii) 45 K. The SF scatter-
ing of Fig. 6(b), sensitive to components in the a/b plane but
perpendicular to the applied magnetic field, shows a weak
scattering cross section above the background that extends
over a long range in Q. In fact, the scattering extends to
Q~0.04 A~ This scattering can be assigned to short-range
in-plane order perpendicular to the dominant ferromagnetic
component. An unusual aspect of the SF scattering cross sec-
tions is the nonequivalence between R+— # R+— for 5 K but
not observed at 45 K. Within the kinematic theory of neutron
scattering, R+—=R+—. Evidently this is not an issue with
corrections performed on these datasets since these varia-
tions are observed between datasets upon which the same
corrections have been applied. At present this issue is unre-
solved, but it appears likely that this is intrinsic to neutron
reflectometry and is under investigation.

The variations in intensities and line shapes of the NSF
scattering are small across the superconducting transition,
and within statistical error the fit obtained for the ferromag-
netic model in ZFC at 45 K, Fig. 6(a), is adequate for all
temperatures. It is therefore impossible to determine with
certainty the existence of a dead layer at the YBCO/LCMO
interface or an antiferromagnetic component in the YBCO
blocks by modeling the reflectivity profiles. Instead, more
information is gained by fitting a Gaussian line shape with a
Q~* background across the NSF magnetic components. In
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FIG. 7. (a) (R-)-(R++) components across Tsc, (b) variation
of ferromagnetic correlation length.

this manner, the magnetic intensities, (R—)—(R++), and
correlation lengths, é&=27/AQ, can be determined. Figure 7
shows the variation of these parameters across the supercon-
ducting transition in the ZFC phase.

The magnetic intensities observed correspond to the mag-
netic components parallel to the guide field and perpendicu-
lar to Q. Figure 7(a) clearly shows the perturbation of this
component across the superconducting transition. At 5 K, the
magnetic order is correlated across half the superlattice struc-
ture. Across the perturbation observed by SQUID magne-
tometry, T~45 K, the noncollinear components rotate to
align ferromagnetically, and this structure is correlated
throughout the superlattice. The noncollinear components re-
turn as the temperature is increased beyond Ty and the mag-
netic order is again only correlated across half the superlat-
tice structure. It is thus clear that the magnetic order of the
LCMO propagates across the YBCO blocks and that their
mutual interaction leads to a rearrangement of the magnetic
state.

The magnetic structure was also probed in the FC state.
Figure 8 compares the NSF R++ scattering observed under
FC conditions at 5 K with R++ scattering under ZFC con-
ditions at 45 K and shows equivalent magnetic states under
both conditions.

The PNR results underline that the variation in the mag-
netization line shape, observed in Fig. 5, is not due to a large
rearrangement of magnetic order. Instead, the line shapes are
due to a noncollinear, spin-glass-type structure that aligns
under a small external field but remains disordered under
ZFC conditions. The perturbation at 120 K in Fig. 5 can
therefore be asigned to the blocking temperature of the spins.
The substantial variation in magnetization line shapes com-
bined with the spatial information gained from PNR would
indicate that this effect occurs not only at the interfaces but
throughout the system. In addition, PNR has revealed that
the onset of superconducting order gives rise to a perturba-
tion of the noncollinear moments in the LCMO blocks.
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FIG. 8. NSF R++ line shape for ZFC 45 K and FC 5 K.

VI. DISCUSSION

In conclusion, the magnetic and electronic state of an
LCMO/YBCO superlattice has been probed by SQUID mag-
netometry, resistivity, and PNR. The experimental results in-
dicate the coexistence of a long-range noncollinear inhomo-
geneous magnetic state within the plane of the LCMO blocks
with superconducting order within the YBCO blocks. Strong
fluctuations in resistivity measurements are explained in
terms of charge hopping between ferromagnetic domains in
the LCMO blocks. The magnetic order in the LCMO blocks
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can therefore be seen as an ensemble of noncollinear ferro-
magnetic clusters. This is reflected by the magnetization line
shapes, obtained under FC and ZFC conditions, which re-
semble the line shapes observed for spin-glass or mictomag-
netic order. PNR indicates a dominant in-plane ferromag-
netic state in the LCMO blocks for both ZFC and FC states,
which are correlated across the superconducting YBCO
blocks. However, the magnitude of the magnetic moment is
very small in comparison to bulk LCMO. In order to deter-
mine the origin of the reduced moment, the effects of shape
anisotropy or the possibility of charge transfer between the
two materials LCMO and YBCO has not yet been addressed.
The notion of noncollinear magnetic domains is strengthened
by the interplay between magnetic order and superconductiv-
ity. Across the superconducting transition, the noncollinear
magnetic domains are perturbed by the superconducting or-
der and align parallel to the in-plane ferromagnetic compo-
nents. Additionally, the magnetic order extends from half the
superlattice structure to the complete heterostructure across
the superconducting transition. Below and above Tyc, the
magnetic structure relaxes to the state of greater noncol-
linearity. These results directly demonstrating the proximity
effect between the superconducting and ferromagnetic corre-
lation lengths.

The behavior exhibited by LCMO/YBCO superlattices is
reminiscent of ruthenocuprate superlattices where the inter-
play between high 7. superconductivity and magnetism co-
exists with spin-glass-like behavior.3”*® LCMO/YBCO su-
perlattice structures can therefore shed new light on the
intricate coupling of unconventional superconducting order.
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