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Carefully controlled interfaces between two materials can
give rise to novel physical phenomena and functionalities
not exhibited by either of the constituent materials

alone. Modern synthesis methods have yielded high-quality
heterostructures of oxide materials with competing order
parameters. Although magnetic correlations at the interface
are expected to be important in determining the macroscopic
properties of such systems, a quantitative determination of
the interfacial magnetization profile has thus far not been
reported. Here we examine superlattices composed of the half-
metallic ferromagnet La2/3Ca1/3MnO3 and the high-temperature
superconductor YBa2Cu3O7 by absorption spectroscopy with
circularly polarized X-rays and by off-specular neutron
reflectometry. The resulting data yield microscopic insight
into the interplay of spin and orbital degrees of freedom
at the interface. The experiments also reveal an extensive
rearrangement of the magnetic domain structure at the
superconducting transition temperature. This methodology
establishes an incisive probe of the interplay between competing
electronic order parameters in oxide heterostructures.

Electronic interface phenomena in simple metals and
semiconductors have been extensively investigated during
the past three decades. Prominent examples include the
quantum Hall effect in semiconductor heterostructures, and
the ‘giant magnetoresistance’ effect in superlattices of elemental
metals. Modern synthesis methods have also allowed detailed
experiments on heterostructures whose constituents have mutually
incompatible order parameters. In particular, experiments on
trilayer sandwiches comprising elemental singlet superconductors
and ferromagnets have revealed a sign alternation of the
superconducting phase in adjacent layers, as well as hints of
an oscillatory dependence of the superconducting transition
temperature on the ferromagnetic layer thickness, as predicted
by theory1,2.

Recently, the synthesis of transition metal oxide
heterostructures with atomic-scale precision has opened

new perspectives for the investigation of electronic interface
phenomena. The unusual quantum states realized in bulk
transition metal oxides have been at the forefront of solid-
state physics for the past two decades3,4. Among these, high-
temperature superconductivity in copper oxides and fully spin-
polarized (‘half-metallic’) ferromagnetism in manganese oxides
have received particular attention. High-quality cuprate-manganite
superlattices have recently been prepared, and initial work has
already revealed intriguing macroscopic phenomena, such as
giant magnetoresistance and proximity-induced metal–insulator
transitions5–7. However, the microscopic mechanisms underlying
these phenomena are almost entirely unexplored. Heuristically,
as the valence electrons in both cuprates and manganites are
subject to strong magnetic interactions, the magnetization at
the interface is expected to have a profound influence on the
charge transport in these systems. However, very little is known
about the interfacial magnetization profile. Here we show that
the combination of two experimental methods, X-ray magnetic
circular dichroism (XMCD) and neutron reflectometry, yields a
detailed microscopic picture of the magnetization profile both
parallel and perpendicular to the superlattice plane, and offers
intriguing insight into the interplay between ferromagnetism and
superconductivity at the interface.

XMCD is the difference between absorption spectra for left-
and right-polarized X-rays. The measurement involves changing
the magnetization direction at each energy point of the absorption
curve to measure the absorption, with photon helicity and
magnetization parallel (I+) and antiparallel (I−). The sum
(I+ + I−) provides electronic information, whereas the XMCD
(I+ − I−) is magnetic in origin and yields the element-specific
net magnetization. Owing to its monolayer sensitivity and a
typical penetration depth of several hundred ångströms, XMCD
is well suited to investigations of nanoscale magnetism at ‘buried’
interfaces8. A sketch of the experimental setup is shown in Fig. 1a.

Figure 2a shows representative Cu and Mn XMCD spectra on a
superlattice of alternating 100-Å-thick, c-axis-oriented YBa2Cu3O7
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Figure 1 XMCD and XRMS experimental setup and atomic stacking structure at the interface. a, Schematic diagram of the experimental setup used to obtain the XMCD
and XRMS data. To obtain a sizable magnetic dichroism, the film plane is tilted with respect to the photon beam propagation direction. The overall structural roughness for the
superlattices is ∼5 Å (ref. 14). b, Atomic stacking sequence and arrangement of atoms at the YBCO/LCMO interface. The YBCO layer growth starts from a sub-unit cell with
no Cu chains16. The solid red arrows show the Mn magnetic moments, whereas the white arrows mark a possible arrangement of the induced magnetic moments on Cu. The
relative orientation of the net magnetic moments is derived from the sign of the magnetic dichroism at the Cu and Mn L3 edges.

(YBCO) and La2/3Ca1/3MnO3 (LCMO) layers taken at the resonant
L2,3 edges (2p → 3d transition) at 30 K. Magnetic dichroism is
clearly present at both Mn and Cu edges. As the manganite layers
undergo a ferromagnetic transition at around 180 K, the large
dichroism at the Mn edge is expected. However, the presence of
a net ferromagnetic magnetization on Cu is surprising. We ruled
out experimental artefacts by confirming that measurements of
XMCD in two different modes (changing photon helicity for a
fixed field, and changing magnetization direction for fixed helicity)
resulted in the same answer. Thus, the data provide clear evidence
for the presence of an uncompensated induced magnetic moment
in the YBCO layer close to the LCMO interface. As seen in Fig. 2a,
the Cu dichroism is small compared with that of Mn (∼27%),
and does not exceed 1.4%. The mutual orientation of the Mn
and Cu magnetic moments can be deduced from the relative
sign of the L3 peaks for the same helicity of light. Figure 2a
demonstrates that the Mn and Cu L3 peaks have opposite signs,
which indicates an antiparallel orientation of the corresponding
magnetic moments.

To investigate the origin of the ferromagnetic polarization of
Cu, we carried out XMCD measurements over a wide range of
temperatures at both Mn and Cu edges. Figure 2b shows the
resulting data compared with the bulk magnetization of the entire
sample as determined by superconducting quantum interference
device (SQUID) magnetometry. At temperatures above 170 K, the
dichroism on Mn disappears, consistent with the ferromagnet–
paramagnet transition at TM. The temperature dependence of
the XMCD signal deviates from that of the bulk magnetization,
especially in the surface-sensitive total electron yield (TEY) mode.
The reduced magnetization at the topmost interface is consistent
with previous measurements on thin films and superlattices, and
is believed to result from the lower atomic coordination at the
interface9–11. An analogous behaviour was also found for Cu, except
that above 150 K its XMCD signal decreases below the detection
limit. The rescaled dichroic signal of Cu closely follows that of
Mn. The similar temperature dependence of both signals indicates
that the magnetic moment on Cu is induced by strong interactions

between Cu spins and the ferromagnetic moment of Mn across
the interface.

To determine quantitatively the interfacial magnetization
profile, we used the XMCD sum rules12,13 to separate the orbital (μl)
and spin (μs) contributions to the total ferromagnetic moment.
Assuming that the main intensity in the X-ray absorption originates
from a single hole in the 3d9 state, we set an upper limit of
μl ≤ 0.01 μB/Cu averaged over the entire sample; μB is the
Bohr magnetron. This small value is expected because the orbital
moment in YBCO is quenched. The averaged spin part of the
magnetization is estimated as 0.06 μB/Cu at 10 K. Comparison to
previous specular neutron reflectivity results on the same samples14

allows us to reconstruct the full magnetization profile. Because
of the lack of phase information inherent in neutron reflectivity
measurements, the neutron data were compatible with two
physically very different scenarios: (1) a 20-Å-thick magnetically
disordered (‘dead’) layer in LCMO and completely non-magnetic
cuprate layers; and (2) a 10-Å-thick layer with a suppressed (but
non-zero) ferromagnetic moment in LCMO antiferromagnetically
coupled to an approximately 20-Å-thick spin-polarized layer in
YBCO. The XMCD measurements reported here uniquely select
scenario (2). This demonstrates that the Cu polarization is confined
to the proximity of the interface. Assuming an exponential decay
of the ferromagnetic Cu spin moment away from the interface, its
amplitude is estimated as μs ∼0.2 μB/Cu in the CuO2 layer directly
adjacent to LCMO.

The atomic arrangement at the interface known from
previous electron-diffraction work15,16 (Fig. 1b) shows that the
antiferromagnetic interaction J ′ across the interface competes with
the antiferromagnetic superexchange coupling between nearest-
neighbour Cu spins within a copper oxide layer. As the latter
interaction is large (J ∼ 100 meV), the measured ferromagnetic
polarization of Cu is probably due to spin canting. To estimate
the magnitude of J ′, we assume that the first copper oxide
layer is depleted of holes, such that each Cu atom carries a
localized magnetic moment μ ∼ 1μB. This approximation is not
unrealistic, because the CuO chains, which act as the hole reservoir

nature physics VOL 2 APRIL 2006 www.nature.com/naturephysics 245

Nature  Publishing Group ©2006



LETTERS

XM
CD

 s
ig

na
l (

%
)

XM
CD

 s
ig

na
l (

%
)

25020015010050

660650640630

Photon energy (eV)

950940930920

30 K

× 10

25

20

15

10

5

0

– 30

– 20

– 10

0

10

Temperature (K)

SQUID

Mn XRMS

Mn TEY

Cu

Tsc TM

a

b

Mn

Cu

Figure 2 XMCD spectra and their evolution with temperature. a, XMCD signals
obtained from the core-level absorption spectra for Cu and Mn. The Mn XMCD signal
(blue curve) is large and reaches 23% at the L3 edge. For comparison, the
magnitude of the XMCD signal of Cu (red curve) is multiplied by a factor of 10.
b, Temperature dependence of the XMCD signals of Cu and Mn compared with the
bulk magnetization (green line). All curves are normalized to the value of dichroism
on Mn. The interfacial magnetism of Mn decreases faster than the bulk
magnetization. The estimated errors are of the order of 20% at low temperatures,
and become larger as the temperature approaches TM.

of YBCO, are missing in the unit cell directly adjacent to the
interface (Fig. 1b), and it is consistent with the observation of a
rapidly decreasing superconducting transition temperature, TSC,
with decreasing YBCO layer thickness17. A simple calculation
with this assumption shows that J ′/J ∼ 2μs/μ ∼ 0.4. The large
magnitude of J ′ explains the parallel temperature evolution of Cu
and Mn ordered moments shown in Fig. 2b.

Initially, the antiferromagnetic sign of the coupling across
the interface appears to be inconsistent with the Goodenough–
Kanamori–Anderson rules for exchange interactions in oxides.
Figure 1b shows that this coupling is mediated by a 180◦

Mn–O–Cu exchange path bridging the interface. Although the
conduction electrons in bulk YBCO reside in the dx2–y2 orbital,
the ground state of bulk ferromagnetic metallic LCMO is believed
to be an orbitally disordered state with fluctuating occupancy
of dx2–y2 and d3z2–r2 orbitals18. If this electronic structure were
maintained at the interface, the dominant contribution to the

Mn–O–Cu superexchange interaction would be provided by
Cu d3z2–r2 electrons hopping into the partially occupied Mn3+

d3z2–r2 orbital. The intra-atomic Hund’s rule interaction on a
Cu site in the intermediate state then results in a ferromagnetic
superexchange interaction.

Therefore, the antiferromagnetic coupling observed implies
that the orbital occupation on one or both sides of the interface
is different from the bulk. On the YBCO side, occupation of the
dx2–y2 orbital is expected to be maintained because of the robust
crystal field and strong covalent bonding in the copper oxide layers.
Supplementary linear polarization-dependent X-ray absorption
spectroscopy measurements directly confirm this expectation (see
the Supplementary Information). In contrast, on the LCMO
side, the planar electrostatic environment of Mn ions at the
interface is quite different from that in the three-dimensional bulk
lattice structure. This situation can easily lead to a polarization
of the orbital ‘liquid’. In analogy to layered manganites19, it is
expected that the dx2–y2 orbital will be preferentially occupied. The
dominant superexchange interaction in this case is mediated by
Cu d3z2–r2 electrons hopping into the empty Mn3+ d3z2–r2 orbital.
The Hund’s rule interaction in the intermediate state then leads
to an antiferromagnetic coupling, as observed. The magnitude of
the superexchange coupling in this scenario can be estimated as
J ′/J ∼ (4/9)(2JMn

H /ECuMn)(2JCu
H /ECuMn), where ECuMn is the energy

associated with the charge transfer between a Cu ion and its nearest-
neighbour Mn ion across the interface, and JH is the Hund’s
rule coupling. With JH = 1.19 and 0.89 eV for Cu and Mn ions,
respectively20, and EMnCu ∼ 2–3 eV, we obtain J ′/J ∼ 0.2–0.4,
consistent with the experimental situation presented above. In
addition to the virtual hopping described above, there is another
contribution associated with hopping of d3z2–r2 electrons of Cu to
Mn4+ sites that are also present in the LCMO layer. This process
is similar to a double exchange, but it is also antiferromagnetic as
the d3z2–r2 orbital of Cu is full, and the same orbital on the Mn4+

site is completely empty. With the single, plausible assumption of
a dominant occupation of the Mn dx2–y2 orbital at the interface,
we thus obtain a quantitatively consistent description of interfacial
magnetism in the superlattice.

Having obtained a detailed picture of the magnetization profile
perpendicular to the superlattice plane, we now turn to the lateral
magnetization. To this end, we carried out off-specular neutron-
scattering experiments in the presence of an in-plane magnetic
field below the field required to saturate the magnetic hysteresis
loop. Representative data displayed in Fig. 3 illustrate the thermal
evolution of the neutron reflectivity as a function of the in-plane
and out-of-plane wavevectors, Qx and Qz .

In the following, we focus on the first Bragg peak around Qz =
0.03 Å

−1
, whose intensity consists of both structural and magnetic

contributions. As the temperature is lowered below the magnetic
transition at TM = 180 K, the Bragg peak intensity increases as
expected (see Fig. 3a). The absence of any significant diffuse
intensity around the Bragg peak is evidence of the small magnitude
of the in-plane magnetic roughness throughout the multilayer. As
the temperature is lowered below 105 K, the Bragg peak broadens
slightly in the off-specular direction (Fig. 3b). Comparison with
previous microscopy work on LCMO films on SrTiO3 (STO)
substrates21 shows that this effect probably originates from the
cubic-to-tetragonal phase transition of the STO substrate at TS =
105 K, which is associated with crystallographic twin formation
and buckling of the substrate surface. The neutron data of Fig. 3
demonstrate that the substrate-induced modulation permeates the
entire superlattice.

A few degrees below TSC, a new dramatic change in the in-
plane diffraction pattern around the Bragg reflection is observed.
As seen in the representative data of Fig. 3c, the off-specular
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Figure 3 Off-specular neutron reflectivity taken at several characteristic
temperatures. Thermal evolution of the specular and off-specular neutron intensity
represented by Qx–Qz maps around the first superlattice Bragg reflection.
Representative data are shown in three characteristic temperature regimes:
a, T = 120 K, below the onset of ferromagnetism at TM = 180 K; b, T = 90 K, below
the structural transition in the STO substrate at 105 K; and c, T = 10 K, below the
superconducting transition temperature TSC = 78 K.

intensity abruptly expands into a much wider band, whereas the
peak intensity is approximately conserved. The diffraction pattern
below TSC consists of a series of sharp peaks as a function of
Qx . This is characteristic of a stripe-like magnetic domain pattern
in real space. Both the separation between the peaks (inversely
proportional to the size of the magnetic domains, d) and the
overall width of the pattern (inversely related to the width of the

domain walls, δ) are strongly temperature dependent. For instance,
at T = 63 and 10 K the parameters extracted from the data are
d ≈41 μm and δ≈3 μm, and d ≈24 μm and δ≈2 μm, respectively.
We interpret the appearance of this pattern below TSC as follows.
The large length scale of the observed modulation indicates that
electrodynamic (rather than exchange) forces are responsible for
the interaction between superconductivity and ferromagnetism.
As the c-axis Josephson penetration depth of YBCO is much
larger than the thickness of the YBCO layers, the superlattice
is essentially transparent to the in-plane magnetic field applied
in the neutron experiment. However, if Abrikosov vortices are
nucleated below TSC, possibly by the substrate-induced structural
modulation discussed above, electrodynamic interactions between
these vortices and the ferromagnetic manganite layers could lead to
the unusual domain state that we observed.

METHODS

The superlattices were grown on a 0.5-mm-thick, atomically flat STO (001)
substrate by pulsed laser deposition (Fig. 1a). A KrF excimer laser (l = 248 nm)
with a repetition rate of 2 Hz was used to ablate the sintered stoichiometric
targets, with a laser energy density of ∼2 J cm−2 at the target position. The
superlattices were grown at a temperature of 730 ◦C, under an oxygen partial
pressure of 0.5 mbar. After growth, the samples were annealed in situ for 1 h at
530 ◦C in 1,000 mbar of pure oxygen.

It is well known that epitaxial strain profoundly affects the magnetic
properties of thin manganite films grown on STO22–24. On the other hand,
YBCO and LCMO are nearly perfectly lattice matched. By using YBCO as a
‘buffer’ layer directly deposited on the STO substrate, the effect of strain was
essentially removed25. Because of the sensitivity of thin YBCO layers to
moisture, the superlattices were terminated with a LCMO layer, which is much
more stable against surface degradation. An extensive set of characterization
measurements (see the Supplementary Information) confirmed the
atomic-scale perfection of the interfaces of our superlattices. Bulk transport and
magnetic measurements (see the Supplementary Information) demonstrate an
onset of ferromagnetism at TM ∼ 180 K, and a superconducting transition at
TSC ∼ 78 K. Both transition temperatures are lower than those observed in the
constituent bulk materials, possibly due to interactions between the competing
order parameters. The strong suppression of the resistivity with applied
magnetic field (see Supplementary Information, Fig. S1B) reflects the well
known ‘colossal magnetoresistance’ effect in the manganite layers.

The XMCD experiments were carried out at beamline 4-ID-C at the
Advanced Photon Source, and ID08 of the European Synchrotron Radiation
Facility. We used circularly polarized soft X-rays at the L-absorption edges of
Mn and Cu. During the experiments, TEY, X-ray magnetic reflectivity (XRMS),
and fluorescence yield data were recorded simultaneously. The surface-sensitive
TEY mode was used to acquire information about magnetism at the top-most
interface, whereas the XRMS and fluorescence yield modes allowed us to probe
deeper layers. All of the XMCD spectra were measured in remanence, and in an
applied field of 500 Oe. The off-specular neutron reflectivity data were obtained
at the CRISP (ISIS, Rutherford Appleton Laboratory) operating at grazing
incidence in a time-of-flight mode with a bandpass of 0.5 Å < l < 6.5 Å. The
Q-space maps were recorded with a 256-channel multidetector. During the
measurements an external magnetic field of 1,000 Oe was applied in the plane
of the superlattice.
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