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Artificial multilayers offer unique opportunities for combining
materials with antagonistic orders such as superconductivity
and ferromagnetism and thus to realize novel quantum
states1,2. In particular, oxide multilayers enable the utilization
of the high superconducting transition temperature of
the cuprates and the versatile magnetic properties of
the colossal-magnetoresistance manganites3–6. However,
apart from exploratory work7–10, the in-depth investiga-
tion of their unusual properties has only just begun11–15.
Here we present neutron reflectometry measurements of a
[Y0.6Pr0.4Ba2Cu3O7 (10 nm)/La2/3Ca1/3MnO3 (10 nm)]10 super-
lattice, which reveal a surprisingly large superconductivity-
induced modulation of the vertical ferromagnetic magne-
tization profile. Most surprisingly, this modulation seems
to involve the density rather than the orientation of the
magnetization and is highly susceptible to the strain, which
is transmitted from the SrTiO3 substrate. We outline a
possible explanation of this unusual superconductivity-
induced phenomenon in terms of a phase separation between
ferromagnetic and non-ferromagnetic nanodomains in the
La2/3Ca1/3MnO3 layers.

The competition between superconductivity and ferromag-
netism is one of the most fascinating and challenging topics in
modern solid-state physics16. Prominent features are the so-called
π-state, where the superconducting (SC) order parameter changes
sign across the ferromagnetic (FM) layer, and SC–FM giant-
magnetoresistance devices and subsequent spin filters1,2. These
have been realized in of conventional low-Tc superconductors
and ferromagnets which operate only at low temperatures. In
comparison, the in-depth investigation of multilayers from oxide
SC and FMmaterials has only recently begun11–15. This is in spite of
their obvious advantages, like the high Tc values of the cuprates or
the versatile magnetic properties of the manganites3–6, which can
be strongly modified by weak perturbations such as an external
magnetic field17 or possibly even by the proximity to SC layers.

Here we present evidence for the latter possibility from neutron
reflectometrymeasurements on a [Y0.6Pr0.4Ba2Cu3O7 (10 nm)/La2/3
Ca1/3MnO3(10 nm)]10 (YPr-123/LCMO) superlattice grown on a
100-oriented SrTiO3 (STO) substrate. Specifically, we find that the
onset of superconductivity gives rise to a giant modulation of the
FM magnetization profile, which seems to involve a change of the
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Figure 1 | Temperature- and pressure-dependent magnetization data.
Magnetization data of the [Y0.6Pr0.4Ba2Cu3O7 (10 nm)/La2/3Ca1/3

MnO3 (10 nm)]10 superlattice showing the FM transition at TCurie ≈ 190 K
and the SC one at Tsc ≈ 40 K. The zero-field-cooled (zfc) data (blue
symbols) show a clear onset of the diamagnetic signal below Tsc ≈ 40 K.
They were taken on a small piece that was cut from the sample, the
magnetic field was perpendicular to the layers and no external pressure
was applied. The field-cooled (fc) data were taken on the larger piece that
was used for the neutron measurements. The magnetic field and the
uniaxial pressure of 0.1 MPa (green symbols) and 0.4 MPa (red symbols)
were applied parallel to the a axis of the SrTiO3 substrate. A pressure
dependence of the fc magnetization becomes noticeable below 60 K.
Upper inset: Magnification of the low-temperature range of the fc
magnetization data, showing the pressure-induced changes. Lower inset:
Magnetization loop at T = 50 K, revealing a very soft FM behaviour and a
saturation moment of about 2.4 μB per Mn ion.
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Figure 2 |Unpolarized neutron reflectivity spectra and their modelling. a, Temperature dependence of the unpolarized specular neutron reflectivity
curves of a [Y0.6Pr0.4Ba2Cu3O7 (10 nm)/La2/3Ca1/3MnO3 (10 nm)]10 superlattice as measured with the in-plane component of the neutron k vector along
the a axis, corresponding to the (100) direction of the STO substrate. The arrow marks the position of the superconductivity-induced half-order
superlattice Bragg peak. b, Detailed temperature evolution of the intensity at qz = 0.0207 Å−1, which confirms that the new Bragg peak develops right
below Tsc = 40 K and thus is indeed related to a superconductivity-induced magnetic phenomenon. c, Theoretical simulations (solid lines) compared with
the experimental spectra at 65 and 8 K. d, Sketch of the superlattice and the block-like magnetic potentials that were used for the simulations as shown in
c. The length of the solid red bars is proportional to the FM magnetization of the La2/3Ca1/3MnO3 layers. Error bars show the statistical errors.

density of the FM magnetization rather than its direction. We
also show that this unusual superconductivity-induced phe-
nomenon is extremely sensitive to the strain that is transmitted
from the STO substrate.

The d.c. magnetization data shown in Fig. 1 establish that our
superlattice has an SC transition temperature of Tsc ≈ 40K and a
Curie temperature ofTCurie ≈190K. The hysteresis loop in the lower
inset confirms a very soft FM behaviour and yields a saturation
moment of about 2.4μB per Mn ion at 50K. Rather remarkable
are the field-cooled (fc) magnetization data, which reveal an
interesting pressure dependence that sets in below 60K. This onset
coincides with a structural transition of the STO substrate, which
is accompanied by the formation of micrometre-sized, strongly
anisotropic domains that give rise to a tilting of the surface
of up to 0.5◦. Synchrotron X-ray18 and neutron reflectometry
measurements (see below) show that this tilting persists throughout
the entire superlattice. The pressure-induced alignment of these
structural domains apparently has a clear impact on the magnetic
properties of our superlattice. It gives rise to sizeable changes in the
fcmagnetization data below60K and a small slope change nearTsc.

The latter superconductivity-induced effect is born out more
clearly in the neutron reflectometry data of Figs 2–4, which resolve
the corresponding changes of the vertical profile of the superlattice
magnetization density. The sample was mounted here under
uniaxial pressure by clamping it with spring-loaded screws on
the cold finger of a cryostat. A sketch of the experimental set-
up is given in Supplementary Fig. S1. The unpolarized specular
neutron reflectometry spectra in Fig. 2a highlight that the onset of
superconductivity gives rise to some truly remarkable changes in the

vertical profile of the in-plane component of the FMmagnetization.
Notably, a new, strong peak develops near qz = 0.0207Å−1 close
to the position of the half-order superlattice Bragg peak. Figure 2b
details the T evolution of the intensity at qz = 0.0207Å−1 and
confirms that the new fractional-order Bragg peak develops right
below Tsc ≈ 40K. Its sheer magnitude suggests that the in-plane
component of the FM magnetization must undergo some rather
large superconductivity-induced modulation with a period that is
nearly doubled when compared with the structural one.

In Fig. 2c,d we show that the spectra can be reasonably well
reproduced with a model of block-like profiles of magnetic
potentials in the LCMO layers. At T > Tsc our simple model
provides a very good fit to the data and thus yields a reliable estimate
of the magnetic moment per Mn ion of μ ≈ 2.1μB (flux density
B=0.44 T). At T <Tsc we obtain a large double-periodmodulation
with an average FM magnetization and modulation amplitude
amounting toμ≈2.1μB (flux density B=0.44 T) and�μ≈1.9μB

(�B= 0.40 T), respectively. The maximum value of μmax ≈ 4μB is
indeed close to the 3.7μB per Mn of bulk LCMO (refs 4,19), which
implies that the modulation amplitude acquires its largest possible
value. It is the more surprising that the average magnetization of
the entire superlattice remains almost unaffected by these drastic
changes of the magnetization of the individual LCMO layers. This
is evident from the T evolution of the first-order Bragg peak of the
neutron data in Figs 2a and 3, as well as from the d.c. magnetization
data in Fig. 1, where only very small changes are observed. The
observation of this giant superconductivity-induced double-period
modulation of the FM magnetization and the discussion of its
possible origin is themain subject of the present letter. Accordingly,
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Figure 3 | Polarized neutron reflectometry spectra and temperature dependence of the fractional-order- and first-order superlattice Bragg peaks.
a, Representative polarized specular reflectivity curves of the [Y0.6Pr0.4Ba2Cu3O7 (10 nm)/La2/3Ca1/3MnO3 (10 nm)]10 superlattice as measured along
the a direction. Circles show the non-spin-flip signals (R++ and R−−) and triangles show the extremely weak spin-flip signal (R+− and R−+). The arrow
marks the position of the fractional-order superlattice Bragg peak. The strong peak centred around qz ≈ 0.032 Å−1 corresponds to the first-order Bragg
peak. b, Temperature dependence of the intensity at the positions of the first-order (solid symbols) and the fractional-order (open symbols) superlattice
Bragg peaks for the non-spin-flip channels. The latter have been up-scaled by a factor of 2.5. Error bars show the statistical errors.
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Figure 4 | Influence of the uniaxial pressure on the fractional-order Bragg peak and the structural and magnetic domains. a,b, Off-specular neutron
reflectivity data in the non-spin-flip (R−−) channel that were collected with an area detector in time-of-flight mode at T = 8 K with the sample mounted
under different uniaxial pressures of 0.4 and 0.1 MPa, respectively, along the a axis corresponding to the (100) direction of the STO substrate. The signals
from the differently oriented facets of the sample surface appear here on straight horizontal lines at different values of 2θ , where θ corresponds to the
angle of incidence of the neutron beam with respect to the facets (c). The relationship between the vertical momentum transfer, qz, and the neutron
wavelength, λ, is qz = 4πsinθ/λ. The reflection edge at qc and the third-, half- and first-order Bragg peaks thus fall on lines through the origin of the 2θ–λ
plot, as indicated by the black lines. At 0.4 MPa (a) a strong fractional-order superlattice Bragg peak appears for several (but not all of the) facets. At
0.1 MPa (b) and above Tsc (not shown here) this fractional-order Bragg peak is entirely absent. The maps also reveal a sizeable pressure dependence of the
facet formation and ordering. This is clearly seen for the data in the region of total reflection at qz < qc, where the modulation of the intensity along the
2θ axis is more pronounced at 0.4 MPa (a) than at 0.1 MPa (b).

we refrain from attempts to further improve the quality of the fits,
for example by allowing for a variation of the magnetic moment
within the LCMO layers. We also do not consider the previously
observed proximity-induced FM moment in the SC layer12,15, SC
vortices or other kinds of unconventional SC currents, which can
yield onlyminor contributions to the observedmodulation.

Instead, we return to the essential question about the nature
of the superconductivity-induced modulation of the in-plane FM
moment. Naturally, we would expect that it is caused by a
spin-canting effect, that is, it should involve a spiral magnetic state.
However, our data are not compatible with such a scenario. An
in-plane spin canting is firmly excluded by the polarized neutron
data in Fig. 3, which show that the spin-flip signal, as a direct
measure of an in-plane component in the direction perpendicular
to the external field (see Supplementary Information), remains
very weak. An out-of-plane canting, even though our neutron
measurements donot directly probe the out-of-plane component, is
also at variance with the combined neutron and d.c. magnetization
data, which suggest that the moments are essentially parallel to
the layers. In the normal state this is evident from the good
agreement between the in-plane component of 2.1μB as probed by
the neutrons at 0.01 T and the total saturation moment of about

2.4μB as derived from magnetization in Fig. 1. Accordingly, any
out-of-plane canting in the SC state would only reduce the in-plane
component; certainly, it could not give rise to the observed large
increase of the maximal value.

Accordingly, our data are suggestive of a giant
superconductivity-induced modulation of the magnitude of the
FM magnetization in the LCMO layers. This can be energetically
favourable only if there is a ‘cheap way’ of changing the magne-
tization density. Although this is not the case for ordinary FM
materials, we argue that it may be possible for the present LCMO
thanks to its versatile electromagnetic properties3–6. It is meanwhile
well established that the manganites are very susceptible to phase
segregation into nanodomains of either a double-exchange-induced
FM metallic phase or a Jahn–Teller-stabilized paramagnetic or
antiferromagnetic insulating phase5,6. The respective volume
fractions and thus the average FM moment can indeed be strongly
modified by relatively weak perturbations. For example, it has
been demonstrated that moderate external magnetic fields can
trigger a transition from an insulating and antiferromagnetic state
to a metallic and FM one17. In analogy, it seems feasible that
the proximity coupling to the SC layers can give rise to similarly
dramatic changes in the FMmagnetization density.
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However, the required balance between the competing
interactions in LCMO should be highly susceptible to the lattice
strain.We find indeed that the superconductivity-induced anomaly
strongly depends on the pressure that is applied to the substrate
and the subsequent rearrangement of the structural domains.
This is shown in Fig. 4, which details neutron reflectometry maps
where the sample was mounted under well controlled uniaxial
pressures of (a) 0.4MPa and (b) 0.1MPa. Most importantly, the
fractional-order Bragg peak occurs here only at 0.4MPa and is
entirely absent at 0.1MPa. As sketched in Fig. 4c, the reflection
signals from the differently tiltedmicrometre-sized domains appear
in these maps on horizontal lines that are spread along the 2Θ axis,
where Θ is the angle between the incident neutron beam and the
domain surfaces. Accordingly, the map at 0.4MPa reveals that the
fractional-order Bragg peak occurs for only some of the structural
domains. Furthermore, these maps directly show that the uniaxial
pressure gives rise to a rearrangement of the structural domains.
This is best seen in the region of total reflection for qz <qc , where the
contrast between the domains is noticeably stronger at 0.4MPa than
at 0.1MPa. Finally, as detailed in Supplementary Fig. S4, the full
map enables us to firmly exclude the possibility that the peak at the
position of the fractional-order Bragg peak arises from small-angle
scattering due to structural domainswithin the STO substrate.

The extreme strain dependence is also manifested in
Supplementary Figs S5–S7, which shows that the occurrence of
the fractional-order Bragg peak depends on the orientation of
the applied pressure and the magnetic field with respect to the
anisotropic domains, and that its position can be shifted depending
on the details of the sample mounting. Overall, our data yield clear
evidence that the ordering of the structural domains, which can
be influenced by a relatively weak external pressure, is setting the
stage for the giant superconductivity-induced modulation of the
magnetization density in the LCMO layers.

We conclude with some interesting unresolved issues. The
first one concerns the question of how the onset of SC in the
YPr-123 layers can give rise to such a large modulation of the FM
magnetization density. One possible explanation is in terms of the
magnetic pair-breaking effects that arise from the coupling of the
Cooper pairs with the magnetic exchange field, h, at the SC–FM
interfaces. It was previously shown20 that the related suppression of
the SC condensation energy, dEcond, scales like dEcond ∼ −h2, such
that the gain in condensation energy at the interfaces with reduced
h outweighs the losses at the interfaces with increased h. In contrast
to ref. 20, where the thickness of the SC layer, ds, was assumed to
be short with respect to the SC coherence length, ξs, for our case
we have the situation of ds > 2ξs. Nevertheless, by simply replacing
ds with ξs in the calculations, to take into account that the pair
breaking occurs only within a layer of thickness ξs near the interface,
one also finds that the suppression of the condensate density scales
with −h2. However, this gain in SC condensation energy should
be rather small, especially because the c-axis coherence length of
the high-Tc superconductor is much shorter than the thickness
of the YPr-123 layers. Alternative explanations could involve an
induced triplet component of the SC order parameter, which
enables a long-range SC proximity effect, even in half-metallic
FM layers21. Furthermore, it is meanwhile well established that
a spin-density-wave state can coexist with superconductivity in
underdoped high-Tc superconductors

22, which may well provide
an additional energy and length scale that must be considered in
describing the competing SC and magnetic interactions. This may
explain why a corresponding superconductivity-induced anomaly
has not been observed yet in superlattices with optimally doped
YBa2Cu3O7 layers

12,15.
Another interesting question concerns the coupling between

the structural and the magnetic domains in the LCMO layers
and the question of whether it occurs on the micrometre or

rather on the nanometre scale. Similar microscopic structural
domains were previously observed for pure LCMO films on STO
substrates23, where transmission electron microscopy measure-
ments also resolved nanoscale domains, which are probably related
to a monoclinic phase that is induced in LCMO through the
strain from the substrate24. We suspect that similar nanoscale
domains are also present in the LCMO layers of our superlattice
and are primarily responsible for the directional dependence of the
superconductivity-induced modulation. The resulting strain effects
are likely sufficient to change, for example through their impact
on the spin–orbit coupling and/or the Jahn–Teller distortions,
the subtle energy balance that determines the magnetic domain
state in the LCMO layers and consequently its competition with
superconductivity in the YPr-123 layers.

A possibly related issue concerns the currently unresolved
question of why the average magnetization density hardly changes
below Tsc despite the superconductivity-induced modulation of
the FM magnetization density which involves large changes in
the magnetization of the individual LCMO layers. In this context,
it may well be that coupled magnetic and SC domain states are
playing a fundamental role. A corresponding model in terms of a
spatially inhomogeneous distribution of the magnetic potentials in
the LCMO layers is detailed in Supplementary Fig. S8. However,
we remark that this particular model relies on the fairly unrealistic
assumption that the FMorder in some domains of the LCMO layers
develops concurrently with the onset of SC in the adjacent regions
of the YPr-123 layers. Currently we are not aware of a more realistic
inhomogeneous model that can account for our reflectometry
data. Nevertheless, future experiments with local probe techniques
may well provide the required additional information about the
relevant magnetic and electronic nanoscale domains and their
superconductivity-induced changes.

Methods
Two [Y0.6Pr0.4Ba2Cu3O7(α nm)/La2/3Ca1/3MnO3 (α nm)]10 superlattices with
α = 10 and 8.5 were grown on atomically flat (001) surfaces of 0.5-mm-thick
STO substrates by pulsed laser deposition using the same conditions as described
in refs 9,11,12,15. The structural quality of our superlattice has been previously
confirmed with several characterizationmethods11,12,15,18. Different from previously
studied superlattices, the present ones contain Y0.6Pr0.4Ba2Cu3O7 layers that are
strongly underdoped25 with respect to the dome-shaped phase diagram of Tsc

versus hole concentration of the CuO2 layers
26. The values of Tsc ≈ 40K and

TCurie ≈ 190K, and the saturation magnetization of μsat ≈ 2.4μB per Mn ion of our
superlattices, are only moderately suppressed as compared with the bulk materials
withTsc ≈40–50K (ref. 25),TCurie ≈260K andμsat ≈3.7μB perMn ion3,4.

The specular polarized and unpolarized neutron reflectometry
experiments were carried out at the AMOR and MORPHEUS beamlines of
SINQ at the Paul Scherrer Institut in Villigen, Switzerland. The off-specular
measurements were made at AMOR and at the ADAM beamline of the Institute
Laue Langevin in Grenoble, France. In both cases the samples were clamped
under uniaxial pressure on the cold finger of a closed-cycle refrigerator and an
in-plane magnetic field of 0.01 T was applied with a pair of Helmholtz coils. More
details on the neutron reflectometry technique can be found in refs 27,28 and in
Supplementary Figs S1–S3.

The magnetization measurements were obtained with a commercial
(QD-PPMS-9) vibrating-sample magnetometer. The measurements under uniaxial
pressure were made with a home-made sample holder, where the sample was
clamped with a spring-loaded system.
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