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ABSTRACT

Using spin-polarized neutron reflectivity experiments, we demonstrate an unusual proximity behavior when a superconductor (SC) and a
ferromagnet (FM) are coupled through an insulator (I) in YBa2Cu3O7�d (SC)/SrTiO3 (I)/La0.67Sr0.33MnO3 (FM) heterostructures. We have
observed an unexpected magnetic reversal confined to the interface region of the FM below the superconducting transition temperature. The
magnetization of the interfacial FM layer at the I/FM interface was found to be aligned opposite to the magnetization of the rest of the FM
layer. This result indicates that the Cooper pairs tunnel across the insulator, interact with the local magnetization in the interfacial region
(extending �30 Å) of the FM, and then modify the magnetization at the interface. This unexpected magnetic behavior cannot be explained
on the basis of the existing theoretical models. However, the length scale associated here clearly suggests the long-range proximity effect as a
result of tunneling of Cooper pairs. The magnetic exchange field-effect across SC/I/FM interfaces driven by tunneling may serve as the basis
for application in superconducting spintronic devices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5135578

The proximity effect in superconductor (SC)/ferromagnet (FM)
hybrid oxide systems has attracted considerable interest as a result of
the fascinating basic physics and also for the possibility to exploit such
phenomena in promising applications in superconducting spin-
tronics.1–6 Earlier studies on SC/FM hybrid systems have combined
superconductivity and magnetism and have mainly focused on the
injection of spin-polarized quasiparticles into the SC. Subsequently,
the tunneling/injection of spin-polarized quasiparticles from an FM to
a SC through an insulator (I) in SC/I/FM hybrid oxide heterostruc-
tures has been explored with a view to combine spintronics and super-
conductivity into the so-called superspintronics.7–9 However,
understanding the phenomenon of superconducting carriers tunneling
into the FM and its effect on the magnetic state of the FM layer in SC/
I/FM oxide heterostructures has remained largely elusive. It is well
understood that, for s-wave and d-wave superconductors in SC/FM

systems, the spin-singlet Cooper pairs (S¼ 0) have a limited coherence
length even for a weak FM,1 owing to the magnetic exchange interac-
tion. On the other hand, the Josephson coupling between SCs sepa-
rated by a thick FM layer clearly suggests the possibility of
superconducting order penetrating even into strong FMs.10–12 The
long-range superconducting order at the FM/SC interface was attrib-
uted to the presence of spin-triplet Cooper pairs (S¼ 1) at the interfa-
ces, which are not as sensitive to the exchange field and largely depend
on the existence of magnetic inhomogeneities, such as ferromagnetic
domain walls or noncollinear magnetization at the interfaces.2–4

The most studied SC/FM oxide interfaces are YBa2Cu3O7�d

(YBCO), a d-wave SC, and half-metallic manganites, like
La0.67Ca0.33MnO3 (LCMO) or La0.67Sr0.33MnO3 (LSMO), as the FM.
Several intriguing interfacial phenomena have been reported for these
SC/FM heterostructures.13–17 However, there are mixed reports
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regarding the appearance of spin-triplet Cooper pairs in the YBCO/
LCMO (or LSMO) systems.18–20 Recently, Visani et al.21 demonstrated
the possibility of long-range proximity effects between YBCO and
LCMO due to the interference effects between a quasiparticle and elec-
trons in the conductance spectra across the YBCO/LCMO interface
and the correlation length was found to be as high as the thickness of
the LCMO layer.

The key factor that has been established behind the observed long-
range propagation of superconducting correlations into a half metal-
based FM/SC system is a conversion from spin-singlet to spin-triplet
pairing near the interfaces.22,23 Introducing an insulator layer between
the FM and SC is expected to hinder the propagation of long-range
superconducting correlations into the FM unless there is tunneling of
Cooper pairs through the insulator. Using polarized neutron reflectivity
(PNR), we recently found strong magnetic modulation below the super-
conducting transition temperature (Tsc) in YBCO/SrTiO3 (STO)/
LCMO hybrid heterostructures grown on STO substrates.24 While PNR
results clearly indicated a magnetic modification at the interface caused
by superconductivity, there was uncertainty involved because of the
closeness of the magnetic transition temperature (Tc � 150K) of
LCMO with the structural phase transition temperature of STO25,26 in
this system. Paull et al.27 also confirmed the magnetic modulation in the
YBCO/STO/LCMO heterostructure below Tsc.

Here, we report an unusual magnetization at the interface of an
LSMO layer through an insulator (STO) in YBCO/STO/LSMO hetero-
structures, using the depth-sensitive PNR technique,24,27–31 below Tsc.
We observed the emergence of a negative magnetization (magnetiza-
tion opposite to the applied field) in the LSMO layer over a thickness
of �306 5 Å, at the STO/LSMO interface in the YBCO/STO/LSMO
heterostructure below Tsc. The PNR results revealed that suppression
of the magnetization at the STO/LSMO interface above Tsc is an
intrinsic phenomenon. However, the negative magnetization at the
STO/LSMO interface below Tsc in YBCO/STO/LSMO heterostruc-
tures is solely dependent on superconductivity.

We grew a number of hybrid heterostructures by pulsed laser
deposition on single-crystal MgO (001) substrates (supplementary
material). Four heterostructures (Table I) discussed here are hence-
forth known as YSL25, YSL50, YL, and SL, where letters Y, S, and L
stand for YBCO, STO, and LSMO, respectively. Two (three) letters in
a sample code indicate a bilayer (trilayer). The numbers 25 and 50 in
the trilayer codes are the nominal thicknesses (in angstrom) of the
STO layer. Thus, YSL25 identifies a heterostructure with a layer struc-
ture: MgO/YBCO/STO(25 Å)/LSMO.

The x-ray diffraction (XRD) scans on the log scale for YSL25,
YSL50, YL, and SL heterostructures are shown in Fig. 1. A comparison
of XRD data from the heterostructures suggests ordered and strongly
textured growth along (00l) directions, similar to the heterostructures

grown on STO substrates.24,32 The YBCO (002) diffraction peak
shown in the inset (i) of Fig. 1 clearly shows the interference fringes
(indicated by the vertical arrow) around the diffraction peak and sug-
gests the high quality of interfaces. The microstructure of an identically
grown YBCO/STO/LSMO heterostructure is visible in the cross-
sectional high-resolution transmission electron microscopy (TEM)
image shown in the inset (ii) of Fig. 1. A combination of XRD, TEM,
and selected area electron diffraction together with a depth-dependent
elemental concentration profile of each element further confirms the
formation of highly ordered heterostructures (Figs. S1 and S2 in the
supplementary material). The layer structure and macroscopic mag-
netic properties of these heterostructures have been characterized
using x-ray reflectivity (XRR)28–31 and a superconducting quantum
interface device (SQUID) magnetometer, respectively (Fig. S3 in the
supplementary material). The XRR results are given in Table S3 (sup-
plementary material). We obtained a Curie temperature (Tc)� 290K
and a Tsc � 65K for these heterostructures, which are consistent with
previous results for LSMO films29,33–35 and YBCO films.16,24,36

To obtain the depth profile of magnetization in heterostructures
across Tsc, we have used the PNR technique, because of its depth sensi-
tivity for ordered magnetism.28–31 PNR experiments were performed
on a POLREF reflectometer at the ISIS neutron and muon source, UK.
The PNR data were taken in an applied in-plane magnetic field (H) of
500Oe at different temperatures after cooling the heterostructures in
the same field. A schematic of the PNR geometry is shown in the inset
of Fig. 2(a). The spin-dependent Rþ and R� reflectivities, where the
superscript plus (minus) sign indicates the neutrons with spin parallel

} }

TABLE I. Designed heterostructures with their magnetic and superconducting order temperatures.

Sample Designed structure Magnetic transition temperature, Tc Superconducting transition temperature, Tsc

SL MgO/STO/LSMO

�290K

…
YSL25 MgO/YBCO/STO(25Å)/LSMO

�65KYSL50 MgO/YBCO/STO(50Å)/LSMO
YL MgO/YBCO/LSMO

FIG. 1. (a) XRD data on a log scale (y-axis) for heterostructures grown on MgO.
Inset (i) shows (002) reflection of YBCO. Inset (ii) shows the cross-sectional TEM
image of a similarly grown YBCO/STO/LSMO heterostructure.
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(antiparallel) to the direction of H, are measured as a function of the
wave vector transfer,Q (¼ 4pSinðhÞ

k , with h and k being the angle of inci-
dence and wavelength of the neutron). Reflectivity data presented here
are represented as reflectivity normalized to the asymptotic value of
the Fresnel reflectivity, RF (¼ 16p2/Q4).28–31 The depth profiles of the
nuclear and magnetic scattering length densities (NSLD and MSLD)
obtained from the PNR correspond to the depth profile of the chemi-
cal and in-plane magnetization, respectively.28–31

Figure 2(a) shows the PNR data for YSL25 at 300K. The differ-
ence between Rþ and R� reflectivities contains information on the
magnetic depth profile.28–31 PNR data at 300K indicate no ferromag-
netism, as the difference Rþ � R� � 0.0, which is consistent with the
SQUID measurements. The NSLD depth profile at 300K is shown in
Fig. 2(c), and the structural parameters obtained from PNR are also
given in Table S3 (supplementary material). PNR data (open circles
and triangles) and the corresponding fits (solid lines) for YSL25 at dif-
ferent temperatures across Tsc are depicted in Fig. 2(b). The MSLD
depth profiles obtained from the PNR data at low temperatures are
plotted in Figs. 2(c) and 2(d), as a function of the depth from the
surface.

PNR data for YSL25 above Tsc (100 and 200K) show a suppres-
sion of the magnetization in the LSMO layer up to �50 Å from the
STO/LSMO interface, with MSLD values of 4.4� 10�7 Å�2 (at 100K)
and 3.5� 10�7 Å�2 (at 200K). There are various reports suggesting
both a reduction and enhancement in the magnetization of the LSMO
near a STO/LSMO interface, which are attributed to strain, oxygen
content, deposition conditions, and charge discontinuity.33–35 In view
of this, we have considered several magnetization models to fit the
PNR data for YSL25 at 100K, which are shown in Figs. S4(a)–S4(c)
(supplementary material). Different magnetic models comprising
enhanced, suppressed, and zero (depleted) interfacial magnetization at
the STO/LSMO interface [Figs. S4(d)–S4(f) in the supplementary
material] are statistically compared for the quality of each fit. We
observe that the model of a reduced magnetization for the LSMO layer
(thickness �50 Å) at the STO/LSMO interface best describes the PNR

data above Tsc (100 and 200K). The magnetization of the interfacial
LSMO layer increases upon decreasing the temperature from 200
to 100K. Remarkably, we obtained an unusual negative MSLD of
��1.0� 10�7 Å�2 (��366 20 emu/cc) for a region of the LSMO
layer of thickness �306 5 Å at the STO/LSMO interface below Tsc
(50 and 10K) [shaded region in Fig. 2(e)]. A comparison of fits of the
PNR data at 10K, assuming zero magnetization (depleted), reduced
(positive), and negative magnetization, for the interfacial LSMO layer
is shown in Fig. S5 (supplementary material), suggesting that a layer
with small negative magnetization at the interface better fits the PNR
data at 10K. The magnetization in rest of the LSMO layer was
�3806 25 emu/cc (MSLD � 9.1� 10�7 Å�2), which is in agreement
with earlier measurements for the 40nm LSMO film37 but lower than
its bulk value (�550 emu/cc).35 The unexpected magnetic behavior
across Tsc cannot be explained on the basis of the existing theoretical
models. However, experimental findings reported here clearly suggest
a long-range proximity effect in this FM/I/SC system with tunneling
geometry, which modifies magnetization near the interface in the het-
erostructure below Tsc.

Any tunneling effect should strongly depend on the thickness of
the insulating barrier. In order to see the effect of the insulating (STO)
layer thickness on the magnetization depth profile in the YBCO/STO/
LSMO heterostructures across Tsc, we also studied another trilayer
YSL50, with a thicker (�50 Å) STO layer. Figure 3(a) shows the PNR
data from YSL50 at different temperatures. Figures 3(b) and 3(c) show
the NSLD and MSLD depth profiles obtained from PNR data. Like
YSL25, we obtained a reduced magnetization at the STO/LSMO
interface above Tsc (�100K) and a negative magnetization below

FIG. 2. (a) PNR data for the YSL25 at 300 K. The inset of (a) shows the schematic
of the PNR experiment. (b) PNR data for YSL25 at different temperatures, which
are vertically shifted for better visualization. (c) NSLD depth profiles extracted from
PNR data. (d) and (e) MSLD depth profiles of YSL25 at different temperatures
extracted from PNR data.

FIG. 3. (a) PNR data at a different temperature for YSL50. NSLD (b) and MSLD (c)
depth profiles of YSL50. (d) PNR data at different temperatures from YL. NSLD (e)
and MSLD (f) depth profiles of YL. Reflectivities at different temperatures are verti-
cally shifted for better visualization. The inset of (d) shows the variation of the inter-
facial LSMO layer (showing negative magnetization) thickness with the STO layer
thickness in heterostructures.
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Tsc (50 and 10K). The thickness of the LSMO layer at the STO/LSMO
interface, which shows negative magnetization, has reduced to
�206 5 Å, whereas the magnetization at the interface remains the
same (��36 emu/cc), as obtained for YSL25. The length scales (STO
thickness and interfacial LSMO layer) associated with these two sys-
tems, YSL25 and YSL50, imply that the SC correlation may involve a
flow of Cooper pairs and are thus a direct consequence of having a
long-range proximity effect through tunneling. The idea of tunneling
of Cooper pairs has been proposed theoretically, and modulation in
interfacial magnetic properties was expected due to such tunnel-
ing.38,39 The TEM and reflectivity measurements from YBCO/STO/
LSMO systems clearly suggested a uniform layer of STO sandwiched
between the YBCO and LSMO layers. This indicates that there are no
pinholes across the YBCO-LSMO layers, which can give rise to the
transfer of Cooper pairs from YBCO to LSMO through STO.

We have also probed the proximity effect at the YBCO/LSMO
interface (FM is in direct contact with SC) in a YBCO/LSMO bilayer
(heterostructure YL) across Tsc. PNR measurements for YL [Fig. 3(d)],
under similar conditions as adopted for YSL25 and YSL50, were also
carried out at different temperatures across Tsc. The NSLD and MSLD
profiles of the YL obtained from PNR data are shown in Figs. 3(e) and
3(f). There are two distinctive features we observed in the YL with
respect to the trilayers. First, we observed a uniform magnetization
[Fig. 3(f)] for the whole LSMO layer above Tsc (100K), unlike in case
YSL25 and YSL50, where we obtained suppressed magnetization at
the STO/LSMO interface, and second, we obtained a negative magne-
tization (��35 emu/cc) for the LSMO layer over a much larger thick-
ness (�606 7 Å) at the YBCO/LSMO interface [Fig. 3(f)] below Tsc
(10K). Magnetic modification over a larger length scale of �60 Å
below Tsc in the YL further indicates the possibility of injection of
Cooper pairs at the interface and their long-range propagation in the
FM. A variation in the thickness of the interfacial LSMO layer with
negative magnetization as a function of STO layer thickness in these
heterostructures is shown in the inset of Fig. 3(d), suggesting a reduc-
tion in the interfacial LSMO layer thickness with the increase in the
thickness of the insulator (STO) layer between FM and SC layers.

Having observed the suppression in the magnetization of the
interfacial LSMO layer at the STO/LSMO interface in YSL25 and
YSL50, above Tsc, the temperature-dependent magnetization depth
profile at the STO/LSMO interface “without an SC layer” is another
important issue we addressed here. We studied a bilayer of STO/
LSMO (heterostructure SL). Figure 4(a) shows the PNR data from SL
at different temperatures. Figure 4(b) shows the NSLD depth profile of
the SL obtained from PNR data at 300K. Figures 4(c)–4(e) show the
MSLD depth profiles at different temperatures. Temperature-
dependent PNR data clearly suggest that a suppressed magnetization
in an interfacial LSMO layer of thickness �486 6 Å, best describes
the measurements. Different magnetization models at interfaces were
also considered for fitting the PNR data at 100 and 10K and are given
in Fig. S6 (supplementary material). A comparison of the fits for differ-
ent models clearly suggested that the model with reduced interfacial
magnetization best describes the PNR data�200K.

It is noted that the magnetization reduction at the STO/LSMO
interface in SL� 200K is due to the intrinsic property of the LSMO/
STO interface and not just due to the structural phase transition of
STO near 110K.25,26 To correlate the reduced magnetization at the
STO/LSMO interface with strain, we estimated the strain for the

LSMO layers in different heterostructures using XRD data (Table S2
in the supplementary material), which did not show any correlation of
strain with reduced magnetization. The reduction in magnetization for
the interfacial LSMO layer in the STO/LSMO layer was also observed
earlier and was attributed to different other effects, e.g., oxygen defi-
ciency,33 doping conditions,40 orbital reconstruction,41 and a change
in orbital ordering.42 PNR data from SL also suggested that the magne-
tization of the LSMO/STO interface increases upon decreasing the
temperature, which is an expected trend for any ferromagnetic layer.
In contrast, the magnetization at the LSMO/STO interface in YSL
(YSL25 and YSL50) heterostructures showed negative (reduced) mag-
netization below (above) Tsc, suggesting superconductivity dependent
phenomena.

Since the magnetic field applied during PNR measurements was
small (�500Oe), the contribution of it to the magnetization depth
profile, assuming (i) the YBCO layer is in the Abrikosov mixed state43

and (ii) Meissner response (�0.07 emu/cc) of a thin superconducting
film,24,43 was very small, which is below the detection limit of PNR. In
addition, the Abrikosov mixed state is mostly observed for thick
(greater than few hundred nanometers) YBCO films and contributes
negligibly for induced magnetization in YBCO films due to an in-
plane applied field of �500Oe.44 Thus, these effects will not influence
the magnetization depth profile obtained from PNR for these
heterostructures.

Negative magnetization in the SC layer in the SC-FM-SC system
was earlier ascribed to the inverse proximity effect.2 The inverse prox-
imity effect for nonoxide systems has been observed over a much lon-
ger length scale into the SC layer.45,46 Recently, Mironov et al.46

proposed a theory of long-range electromagnetic proximity effect sug-
gesting a strong spread of the magnetic field into the SC from the FM.
Our results show the direct proximity effect for the YBCO/LSMO sys-
tem and through tunneling in YBCO/STO/LSMO systems. However,
we observed a negative magnetization for the interfacial LSMO layer.
We believe that Cooper pair, tunnel through the insulating STO
layer from YBCO to LSMO in the YBCO/STO/LSMO system and
interact with the local magnetization (phase separation at different
length scales) in the LSMO layer, which may give rise to negative
spin accumulation (spin randomness) contributing to small negative
magnetization (depletion) at the interface in YBCO/STO/LSMO

FIG. 4. (a) PNR data for SL at different temperatures, which are vertically shifted
for better visualization. (b) NSLD depth profile of the SL heterostructure. (c)–(e)
MSLD depth profile extracted from the PNR data at different temperatures.
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heterostructures, whereas larger penetration was observed in the
YBCO/LSMO system. The existence of spontaneous spin accumula-
tion has also been reported in a Josephson junction between a spin-
singlet and a spin-triplet superconductor47 as well as in an SC/FM/SC
Josephson junction with strong spin–orbit coupling in the FM layer.48

In summary, we have experimentally observed negative magneti-
zation for an interfacial LSMO layer in the YBCO/STO/LSMO tri-
layers (tunneling geometry) and in the YBCO/LSMO bilayer
(proximity geometry) below Tsc. PNR data provided direct evidence
that the YBCO/STO/LSMO and the YBCO/LSMO heterostructures
exhibit a SC driven negative magnetization for the interfacial LSMO
layer (thickness �30–60 Å) at the STO/LSMO and the YBCO/LSMO
interfaces, respectively. The thickness of the interfacial LSMO layer
decreases upon increasing the thickness of the insulator (STO) layer,
suggesting that the tunneling of Cooper pairs is a possible mechanism
for magnetization modulation below Tsc. The length scale associated
with this tunneling-driven proximity effect strongly suggests the pres-
ence of long-range Cooper pairs in this system. However, future theo-
retical analysis is necessary to elucidate if such tunneling of Cooper
pairs is possible in such strongly textured oxide heterostructures.
Magnetization modulation in an SC/I/FM system driven by tunneling
may serve as a basis for envisaging device applications in supercon-
ducting spintronics.

See the supplementary material for XRD from individual FM, I,
and SC films and XRR measurements from heterostructures. Squid
measurements from FM/I/SC and a comparison of magnetization
modeling at different temperatures for FM/SC and FM/I/SC systems
are also provided.
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