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The existence of coherent magnetic correlations in the normal phase of cuprate high-temperature

superconductors has proven difficult to measure directly. Here we report on a study of ferromagnetic-

superconductor bilayers of La2=3Ca1=3MnO3=YBa2Cu3O7 (LCMO/YBCO) with varying YBCO layer

thicknesses. Using x-ray magnetic circular dichroism, we demonstrate that the ferromagnetic layer induces

a Cu magnetic moment in the adjacent high-temperature superconductor. For thin samples, this moment

exists at all temperatures below the Curie temperature of the LCMO layer. However, for a YBCO layer

thicker than 12 unit cells, the Cu moment is suppressed for temperatures above the superconducting

transition, suggesting this to be a direct measurement of magnetic coherence in the normal state of a

superconducting oxide.
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The origins of high-temperature superconductivity and
the rich phase diagrams in complex oxides are still a
matter of contention that have stimulated many novel
experimental studies and observations. Recently, the
improvement of layer-by-layer growth techniques of
thin films has enabled the investigation of both bulk and
surface properties. For most common superconductors,
the order parameter is thought to be antagonistic to that
of the exchange mechanism in ferromagnets. Accurately
grown thin films have enabled these competing interac-
tions to be probed experimentally. In particular, the
growth of epitaxial oxide layers with well-characterized
atomically flat interfaces, consisting of superconducting
layers of YBa2Cu3O7 (YBCO) and lattice-matched ferro-
magnetic La2=3Ca1=3MnO3 (LCMO), has flourished [1–4].

The measurement on YBCO and LCMO bilayers, tri-
layers, and superlattices have made it possible to study
the competition between both long range orders [5–8].
Understanding the state of matter from which high-
temperature superconductivity arises can help us under-
stand its physical origin and behavior in both bulk and
thin film samples. Indeed, many surprising physical prop-
erties have been observed in the normal phase of these
materials; in particular, the well-defined superconducting
dome in the phase diagrams of oxide materials is thought
to be intimately related to properties of the pseudogap
phase [9,10].

Along with advances in the growth methods, many
developing experimental techniques have allowed the in-
dividual layer properties to be probed directly. The indi-
vidual magnetic layer properties of such superlattices can

be successfully investigated using x-ray magnetic circular
dichroism (XMCD), an element-specific spectroscopic
technique. XMCD has been used to help argue for the
orbital reconstruction at the YBCO/LCMO interface [11]
and to determine the existence of a Mn-O-Cu superex-
change at the superlattice interface below the ferromag-
netic ordering temperature (� 200 K) of LCMO [12]. This
observation of an induced copper moment in the YBCO
layer suggests that a systematic investigation as a function
of superconductor layer thickness would be worthwhile to
determine whether the induced Cu moment can be modi-
fied due to local magnetic correlations within the super-
conducting layer, which are known to exist in the bulk
system but are difficult to characterize [10].
In this Letter, we demonstrate that magnetic correlations

in the normal phase of optimally doped thin films of YBCO
can be suppressed with an adjacent ferromagnetic layer
when the thickness of the superconductor layer is less than
a value of 12 unit cells (u.c.), corresponding to a thickness
of 14 nm. For thinner YBCO layers, the ferromagnetic
LCMO layer is able to induce a Cu moment in the normal
state, but it does not do so for layers thicker than this. This
thickness dependence of the exchange coupling above the
superconducting transition temperature strongly suggests
the presence of magnetic fluctuations in the Cu planes of
the YBCO film, which compete with the induced super-
exchange interaction from the LCMO layer.
Epitaxial bilayers were grown on (100)-orientated

SrTiO3 substrates using a high-pressure dc sputtering sys-
tem in a pure O2 atmosphere. The sample interfaces
have previously been shown to be atomically flat, with
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negligible diffusion and little structural distortion [1,4]. In
all the samples studied, the LCMO thickness was fixed at
40 u.c., and was grown on top of the c-axis orientated
YBCO to form the bilayer. A total of 14 samples were
investigated, with YBCO thicknesses of 2, 4, 5, 6, 7, 8, 11,
15, 16, 20, 22, 25, 26, and 30 u.c. The samples were
characterized using x-ray reflectivity to confirm the struc-
tural integrity and the change of thickness expected from
the growth conditions, and magnetization measurements
were performed using a commercial Quantum Design
MPMS XL SQUID magnetometer. Soft x-ray absorption
spectroscopy (XAS) and soft XMCD were performed at
beam line BL25SU at the SPring-8 synchrotron in Japan.
All the XMCD experiments were performed using the total
electron yield (TEY) method. In all experiments, the mag-
netic field was applied at an angle of 30 � to the plane of
the sample. All XAS measurements were performed in an
applied field of 1580 Oe, and the hysteresis measurements
were performed in applied fields up to 5000 Oe.

Figure 1(a) shows the energy-dependent XAS for two
representative samples, with YBCO thicknesses of 8 u.c.
and 25 u.c., at a temperature of 100 K. The Mn XAS is
identical in both cases, and the peak is consistent with the
correct valence state of Mn in LCMO [13]. The Cu XAS is
observed for both samples through 40 u.c. of LCMO, and
in both cases the L2;3 edges at 951 eV and 931 eV are as

expected for CuO [14]. Given the well-characterized inter-
faces, the Cu signal is very unlikely to be a consequence of
Cu diffusion into the LCMO layers [1,4]. The magnetic
properties of each sample were carefully characterized to
enable a comparison of their bulk properties. The inset of
Fig. 1(b) shows the magnetization as a function of the
temperature for a typical sample when field-cooled from
above the LCMO ordering temperature (TC) in 100 Oe.
The onset of ferromagnetism in LCMO is clearly observed
at �210 K, along with the onset of superconductivity
(TSC), which for this particular sample (8 u.c. YBCO)
was 80 K. The samples show properties similar to other
samples grown in the past, including the suppression of the
superconducting temperature with decreasing YBCO
thickness [as shown in the inset of Fig. 2(b)], associated
with the destruction of the superconducting pairing mecha-
nism due to proximity to a ferromagnet [5]. The ferromag-
netic ordering of the Mn moment in the LCMO layer is
similar for all the samples; this is also shown in the inset
of Fig. 2(b).

XMCD measures the difference between the x-ray
absorption spectra for left-handed and right-handed circu-
larly polarized x-rays. To compensate for any beam insta-
bility, the XMCD measurements were performed using a
double-difference technique. The helicity of the light was
reversed at 1 Hz [15], while varying the incident energy
under a particular fixed external magnetic field, immedi-
ately followed by an identical measurement performed
with an externally applied magnetic field in the opposite

direction. With the photon helicity and magnetization
parallel (Iþ) and antiparallel (I�), information can be
obtained about both the electronic structure (Iþ þ I�) and
magnetic properties (Iþ � I�). To discriminate between
the LCMO and YBCO layers, the incident energies were
calibrated to probe the L2 and L3 edges of both Mn and Cu.
All the samples fabricated were investigated at tempera-
tures above and below the TSC of the YBCO layer, and in
addition, several samples were investigated with a finer
temperature scan.
A typical XMCD spectrum at the Cu edges is shown

in Fig. 1(b) as a function of incident energy at 100 K. There
is clearly a dichroic signal present in this sample (8 u.c.
of YBCO). Mn dichroism was also observed at this tem-
perature, which is antiferromagnetically coupled to the
Cu moment [16], in agreement with previous studies
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FIG. 1. (a) Energy dependence of the normalized XAS for two
samples with a YBCO thickness of 8 u.c. (open circles) and
25 u.c. (line) for both the Mn and Cu L2 and L3 edges. The data
are measured at 100 K. (b) Energy dependence of the normalized
Cu edge XMCD for a sample with a YBCO thickness of 8 u.c.
measured at 100 K. The L2 and L3 edges are clearly visible. The
inset shows the temperature dependence of the magnetization for
this 8 u.c. YBCO sample. The sample was cooled and measured
in 100 Oe. The Curie temperature(� 210 K) of LCMO and the
onset of superconductivity (� 80 K) are clearly observed.
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[12,17,18]. Note that the Mn XMCD signal is an order of
magnitude stronger. An induced Cu moment has previ-
ously been observed and attributed to superexchange
across the interface once the LCMO layer orders
[12,17,18], and is present at all temperatures below the
ferromagnetic transition. It is difficult to give a quantitative
analysis of the magnetic moments, but following the mag-
neto optical sum rules [19,20] and the analysis given in
Ref. [12], we estimate the magnetic moments of Mn and
Cu at 28 K to be � 1�B and � 0:013�B, respectively, for

the sample with 8 u.c. of YBCO. Intriguingly, we observe
a finite Cu orbital magnetic moment of about 20% of its
spin moment, which is large for a transition metal. Thicker
layers display surprisingly different magnetic properties.
Figure 2(a) shows the hysteresis loops for two different
thicknesses (8 and 25 u.c.) of YBCO, measured with an
incident x-ray energy of 931 eV at 100 K. It can be seen
clearly that the Cu moment observed at 100 K in the YBCO
normal state for the 8 u.c. sample is not present for the
25 u.c. sample.
Measurements of both samples as a function of tempera-

ture were performed to investigate the difference in the
observed Cu moment. Figure 2(b) shows the temperature
dependence of the Cu and Mn moments in a sample with a
YBCO thickness of 8 u.c. and Cu moment of the 25 u.c.
YBCO sample, the data being obtained from XMCD mea-
surements performed in a static field. The moment (M) in
all cases is normalized to the lowest temperature measured
[Mð0Þ]. It is clear that the Cu moment of the 8 u.c. sample
tracks the Mn moment. In contrast, the behavior of the
Cu moment in the sample with 25 u.c. of YBCO is funda-
mentally different. Again, the onset of the Mn moment is
observed below 200 K (a behavior consistent across all the
samples), but no Cu moment is observed in the normal
phase of the YBCO. A Cu moment is observed only once
the sample enters the superconducting region. Thin films
of only YBCO showed no evidence of any Cu moment
above or below TSC.
Further measurements on the samples with varying

YBCO thicknesses were performed to investigate the
normal state of YBCO. Measurements were performed
above the TSC for all the samples at 150 K and 100 K
respectively. Every sample exhibited a Cu moment in the
YBCO superconducting regime and a Mn moment below
the LCMO ordering temperature [see inset of Fig. 2(b)].
However, the observation of a Cu moment in the normal
phase of YBCO was found to depend on the YBCO layer
thickness. We find that above the TSC only samples with a
thickness of fewer than 12 u.c. show evidence of a Cu
moment (with seven investigated in this thickness re-
gime), while six thicker samples (with YBCO thicknesses
between 15 and 26 u.c.) showed no moment. Although
there is an uncertainty here of three unit cells, there
appears to be a cutoff at which the superexchange inter-
actions are suppressed in samples with a YBCO layer
thickness greater than 12 unit cells. Note that the ob-
served thickness is not related to the suppression of TSC

[see the inset of Fig. 2(b)]. The Cu moment is expected
to scale with the Mn moment for all samples, and any Cu
signal induced by the LCMO layer would be above the
noise level of the XMCD signal, irrespective of the YBCO
layer thickness. Furthermore, no effect on either the Cu or
Mn moment is seen at 105 K for all samples, the tem-
perature at which the SrTiO3 (substrate) is known to
undergo a structural distortion.

FIG. 2 (color online). (a) Field-dependent hysteresis for
samples with an YBCO thickness of 8 u.c. (solid blue circles)
and 25 u.c. (open red circles) measured at 100 K. As described in
the text, only samples of thickness greater than 12 unit cells of
YBCO show a Cu moment above TSC. (b) Temperature depen-
dence of the XMCD signals for samples with a YBCO thickness
of 8 u.c and 25 u.c. For 8 u.c, both the Cu (solid blue circles) and
Mn (open squares) moments for the normalized spectra are
shown. For the 25 u.c. sample, only the Cu (open red circles)
moment is shown. The arrow represents the superconducting
transition, and the lines are guides to the eye. The inset shows the
Mn ordering at TC and TSC for each sample obtained from
magnetization measurements. The dotted green line splits the
Cu magnetic properties of the samples as described in the text.

PRL 109, 137005 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

28 SEPTEMBER 2012

137005-3



To confirm the observation that the Cu moment is
suppressed at TSC, the 25 u.c. sample was annealed in an
Ar atmosphere at 523 K for 6 hours. This had the effect of
reducing TSC to 64 K, without changing the ordering
temperature of the LCMO, as confirmed by magnetometry
measurements [16]. XMCD measurements were per-
formed on this heat-treated sample above and below the
new TSC. It is assumed that the TSC was lowered because of
oxygen depletion. This had the effect of damaging the
surface of the sample, and indeed the XMCD spectra
accumulated at either the Cu or Mn edge using the TEY
method could only be obtained after the removal of ap-
proximately 1 u.c. of LCMO by Ar sputtering in an adja-
cent experimental chamber. The preannealed sample
showed a Cu moment at 70 K, while the postannealed
sample exhibited no Cu moment at this temperature.
Below 64 K, the Cu moment returned, indicating that the
observation of a Cu moment appears to be connected with
superconductivity.

We have clearly demonstrated that the presence of a
Cu moment in the YBCO normal state is dependent on
its layer thickness. We confirm the existence of an induced
moment in the interfacial Cu plane, which, at least for a
YBCO thickness below 12 u.c., is in agreement with other
studies [12,17]. For thicker samples, the induced Cu mo-
ment appears only below the superconducting transition,
suggesting that the observed behavior is not a property of
sample roughness or interdiffusion. We can rule out rough-
ness as a dominant effect because, when we examine a
30 u.c. YBCO bilayer, the Cu moment in the normal state
returns. Further studies are required to understand any
contribution from roughness, but this property alone can-
not account for the observed behavior in our samples. Our
data seems to be inconsistent with the work ofWerner et al.
[17], but it should be noted that they examined a bilayer of
different layer thicknesses that was grown via pulsed laser
deposition rather than by dc sputtering.

Below TSC, there are several mechanisms that could result
in a Cu moment. Magnetic domains can develop below
the superconducting transition, and have been attributed to
the interaction between the layers being modified due to the
presence of vortices creating electrodynamic forces [12].
Another possibility is the presence of a triplet supercurrent
at the interface creating an observable Cu moment [21],
possibly due to an inhomogeneity of the surface magneti-
zation. This prediction has recently been experimentally
supported in YBCO/LCMO layers [22–25].

These observations do not account for the lack of
induced Cu moment in the high temperature normal phase
of the thick YBCO films. A situation can be envisaged
where a moment induced via the circulating current [26]
proposed by Varma et al. [27,28] has its own exchange,
independent of the interfacial exchange. Indeed, orbital
currents have recently been observed in CuO2 plaquettes,
the basic building block of cuprate superconductors [29].

Our observations seem to suggest that in the normal phase
of YBCO, there is a characteristic thickness above which
magnetic correlations can overcome the exchange energy
arising from the LCMO layer. Indeed, the cutoff regime is
coincident with the known spin diffusion length in YBCO
thin films, which have been experimentally determined to
be in the range of 8–11 u.c. [7,8]. A change in surface
termination could change the interaction between the
ferromagnetic-superconductor bilayer. However, this
would still strongly indicate that there is an intrinsic mag-
netic coupling in the YBCO thin film at high temperatures
that is dependent on the normal state of YBCO. Any
connection to the psuedogap could be examined in the
future by using films with a higher TSC, as this would
guarantee that the LCMO ordering temperature is above
the psuedogap onset temperature, thus testing if this phase
can be used to explain the origin of the Cu moment
suppression above TSC.
In summary, we have performed XMCD measurements

on bilayers of YBCO/LCMO, finding that above the super-
conducting temperature the observation of a Cu moment is
dependent upon the thickness of the superconducting layer.
The superexchange mechanism between the Mn and Cu in
adjacent layers at the interface is not strong enough to
compete with an apparent coupling mechanism in the
YBCO layers, which becomes dominant for layer thick-
nesses above 12 u.c. This direct measurement suggests that
in the normal phase of YBCO, magnetic fluctuations occur
with a correlation length of approximately 12 u.c. (14 nm).
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