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Multilayers of superconducting/ferromagneticsSC/FMd YBa2Cu3O7/La2/3Ca1/3MnO3 have been studied by
neutron reflectometry. The occurrence of a structurally forbidden Bragg peak in the FM state highlights a
significant difference between the nuclear and magnetic depth profiles. From comparison with simulated
reflectivity curves we identify two possible magnetization profiles:sid a magnetic moment within the SC layer
antiparallel to the one in the FM layersantiphase magnetic proximity effectd or sii d a “dead” region in the FM
layer with zero net magnetic moment. In addition, we observe an anomalous enhancement of the off-specular
reflection in the SC state which signals a strong mutual interaction between SC and FM order parameters.
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Recent advances in fabrication and characterization of
multilayers with nanoscale periodicity based on perovskite
oxides have opened an avenue in the investigation of mate-
rials with strong electron correlations.1 Superlattices com-
posed of ferromagnetssFMd and superconductorssSCd are of
particular interest because their mutually exclusive ground-
state properties can give rise to unique quantum phenomena.2

Prominent examples are the so-calledp-junction effect,3

where the phase of the SC order parameter is modulated
across the layers, or states with a spatial modulation of the
amplitudes of the FM and SC order parameters, such as
spontaneous vortex phases or the Larkin-Ovchinikov-Fulde-
Ferrel sLOFFd state. Experimental signatures include a non-
trivial dependence ofTc on the FM layer thickness4,5 and a
complex magnetic phase diagram with reentrant SC states.

The work on the perovskite oxide FM/SC superlattices is
motivated by the appealing properties of the cuprate high-Tc
superconductorssHTSCd whose high SC critical tempera-
tures make them potentially useful for technological applica-
tions. Further, since HTSC are believed to be susceptible to a
variety of competing instabilities, there is a high potential for
SC/FM quantum states in multilayer structures. This research
is in its early stage, and relatively little is known about the
nature of magnetism at the interface, the spatial distribution
of the magnetization throughout the layers, and the interplay
of FM and SC order parameters in general. Neutron reflec-
tivity has been a tool of choice in investigating interfaces in
thin films and multilayers.6,7 In general, it allows one to
probe a potential normal to the surface which consists of the
contributions from the atomic nucleiVnucszd and the mag-
netic potentialVmagszd. Since reflection takes place only at
the interfaces of a multilayer, one can apply Bragg’s law for
a one-dimensional crystal to obtain the condition for con-
structive and destructive interference. In addition, one needs
to consider that the response of subsequent interfaces con-
tains a phase shift ofp. From the Bragg peaks one obtains
information on the number of layers from the peak width, the
period length from the distance between adjacent peaks, and
the ratio of the individual layer thicknesses from the relative
peak intensities. In addition, the in-plane off-specular width
of the peaks yields information about the lateral correlation
length of the multilayers. This technique has provided valu-

able information on the microscopic magnetic properties of
classical FM/SC multilayers, but has so far not been success-
fully applied to perovskite oxide FM/SC multilayers.

In this Communication we report polarized and unpolar-
ized neutron reflectivity measurements on symmetric super-
lattices fwith identical La2/3Ca1/3MnO3 sLCMOd and
YBa2Cu3O7 sYBCOd layer thicknessesg that consist of alter-
nating layers of the FM colossal magnetoresistance material
LCMO and the HTSC compound YBCO. Symmetric super-
lattices are well suited to explore a possible interference be-
tween SC and FM order parameters, because an extinction
rule disallows all even-order Bragg reflections ifVmagszd is
spatially uniform and confined to the LCMO layer. The re-
flectivity curves above the FM and SC transitionssT.Tmag
andTscd indeed exhibit only odd-numbered Bragg peaks and
testify to the high structural quality of our superlatticesswith
an rms interface roughness7 of s<5 Åd. The reflectivity
curves exhibit marked changes in the FM state as well as in
the SC state. In particular, the appearance of a second-order
magnetic Bragg peak belowTmag indicates thatVmagszd either
reaches into the YBCO layer with antiferromagnetic cou-
pling across the interfacesantiphase magnetic proximity sce-
nariod or is confined to a spatial range significantly less than
the thickness of the LCMO layersdead layer scenariod. Both
scenarios are incompatible with a conventional magnetic
proximity effect as proposed in Refs. 8,9. Furthermore, an
anomalous enhancement of the off-specular reflection in the
SC state indicates a strong mutual interaction of SC and FM
order parameters.

Superlattices offLCMOs98 Åd /YBCOs98 Ådg7 ssample
1d and fLCMOs160 Åd /YBCOs160 Ådg6 ssample 2d were
grown by pulsed laser depositionsPLDd on 10310
30.5 mm3 SrTiO3 s001d substrates.5 Their high quality was
confirmed by x-ray diffraction, which showed epitaxial
growth with thec axis alongs001d. Resistivity and supercon-
ducting quantum interference devicesSQUIDd magnetization
measurements revealed a FM transition atTmag<165 K and
a SC one atTsc<75 K. Both values are substantially reduced
from the typical bulk ones ofTmag

LCMO=270 K and Tsc
YBCO

=93 K, likely due to the proximity effect.4,5

Unpolarized and polarized angle-dispersive neutron re-
flectivity measurements have been performed on the 2-axes
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diffractometers Morpheus at SINQ and ADAM at ILL. In
both cases a3He detector was used. The samples were
mounted in a closed-cycle refrigerator with a temperature
range from 12 to 300 K. The external magnetic fieldHext
produced by Helmholtz coils was oriented perpendicular to
the scattering plane and parallel to the film surface.

Figure 1sad displays unpolarized neutron reflectivity
curves taken under specular condition. For the curves atT
.Tmag swhere only nuclear scattering contributesd the first
Bragg peak is clearly visible atqz<0.035 Å−1, whereas the
second Bragg peak atqz<0.07 Å−1 sas marked by the
shaded aread is absent to within the noise level. This extinc-
tion of even-order peaks is expected due to the 1:1 layer
thickness of the present SL where each periodsunit celld
contains two interfaces whose response is phase shifted by a
factor of p. Remarkable changes occur in the ferromagnetic
state forT,Tmag. Firstly, the intensity of the first Bragg peak
saveraged over the neutron spin statesd exhibits a sizable in-
crease. This shows that the magnetic potentialVmagszd en-
hances the contrast between the YBCO and LCMO layers, as
expected due to the onset of magnetic order in LCMO. Sec-
ondly, the signature of the structurally forbidden second
Bragg peak suddenly appears in the spectra belowTmag. The
magnetic origin of the second Bragg peaksconfirmed by the
polarized-beam data belowd is indicative of a substantial dif-
ference between the spatial profiles of the nuclear and mag-
netic potentials. Another remarkable anomaly occurs in the

vicinity of the SC transition. It is best seen in the off-specular
rocking scans at the Bragg positions, as shown in Figs. 1sbd
and 1scd. The off-specular reflectivity is sensitive to a mo-
mentum transfer parallel to the plane of the multilayersqxd
and thus provides information onin-planecorrelation of the
nuclear and magnetic profiles. The left panel of Fig. 1sbd
shows that the off-specular scattering is weak and nearly
temperature independent forT.Tmag. Such diffuse scatter-
ing is characteristic of uncorrelated in-plane roughness of the
nuclear potential. BelowTmag the intensity of the specular
and off-specular components increases continuously with no
indication for a substantial change in the peak width. Below
Tsc, however, a pronounced broadening occurs, and weight is
transferred from the specular to the off-specular part. This is
readily visible in Fig. 1scd where the specular intensity
scrossesd of the first Bragg peak exhibits a strong decrease,
whereas the intensity integrated alongqx scirclesd increases.
The observed trend is indicative of a profound SC-induced
increase in the magnetic roughness. A corresponding trend is
observed for the second Bragg peak as shown in the right
panel of Fig. 1sbd. For the first Bragg peak we estimate that
the full width at half maximumDqx changes from 0.6
310−4 Å−1 at 75 K to about 1.2310−4 Å−1 at 15 K. This
translates into a change of the lateral correlation length from
more than 15µm at T.Tsc to about 7µm at T!Tsc. These
pronounced SC-induced changes of the in-plane component
of the magnetic profile are suggestive of a sizable proximity

FIG. 1. sColord sad Specular reflectivity of sample 1 at 200, 170, 150, 120, 100, 70, 50, and 15 K, forHext=100 Oesfield cooledd. Curves
are offset for clarity. Bragg peaks are marked by arrows.sbd Isqx,Td map for the firstsleftd and secondsrightd Bragg peaks.scd T dependence
of the first sredd and secondsblued Bragg-peak intensities, integrated overqx ssd and atqx=0 s3, scaled by 6d.
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coupling of the SC and FM order parameters. SQUID mag-
netization datasnot shownd indicate that the FM magnetic
moments are oriented parallel to the layers of our superlat-
tices. Orbital effects of the magnetic field in the SC layers
are therefore expected to be weak, and the dominant interac-
tion is the magnetic exchange coupling. This introduces a
spin splitting of the electronic states and reduces the SC con-
densation energy. In return, the development of the SC order
parameter favors the formation of FM domain boundaries
where the pair breaking is substantially reduced.10 The
anomalous decrease in the size of the FM domains therefore
is indicative of a strong proximity coupling between the SC
and FM order parameters. A spontaneous vortex phasesdue
to a minor perpendicular component of the FM momentsd in
the SC layers or the presence of an unconventional SC order
parameter with a spin-triplet component could also contrib-
ute to the off-specular signal.11 These scenarios could be
tested by mapping out the off-specular signal in further ex-
periments with an improved signal-to-noise ratio.

We now describe a quantitative analysis of the magneti-
zation profile perpendicular to the layers. We tested numer-
ous models with the x-ray and neutron reflectivity simulation
code7 sEDXRd to compare the calculated reflectivity curves
with the experimental ones. In order to separate structural
and magnetic contributions, and to determine the quality
of the interface, the nuclear contributionVnucszd was
determined from the curves atT.Tmag. The obtained indi-
vidual layer thicknesses are 98 and 160 Å, respectively, for
samples 1 and 2. The density for LCMO was reduced by 2%

with respect to the bulk value. The interface was described
by a roughness ofs<5 Å, which testifies to the high quality
of our superlattices. It is well known that neutron reflectivity
curves lack phase information and thus cannot be uniquely
assigned to a particular density or magnetization profile.
Nevertheless, we are able to identify only two possible solu-
tions. The main challenge in selecting an appropriate magne-
tization profile is to reproduce the well-defined first struc-
tural Bragg peak, the magnetically induced second Bragg
peak, and the low intensity of the third structural Bragg peak.
An extra constraint is imposed by the marked differences in
polarized up-spin and down-spin reflectivities as shown in
Fig. 2sad. The presence of the second peak demonstrates that
the magnetic potentialVmagszd cannot simply follow the
blocklike nuclear profile. Accordingly, in the calculations we
allowed for a modification of the magnetic potential by
breaking down the unit cell into 96 sublayers. Based on ex-
tensive computer simulations of the specular reflectivity, we
were able to exclude several physically meaningful models:
sid An antiferromagnetic coupling between the ferromagnetic
layers would lead to a doubled period and hence to addi-
tional Bragg peaks, atqz=0.022 Å and atqz=0.053 Å, which
are not observed.sii d A magnetic roughness of any length
scale only leads to a faster decay of the reflectivity but not to
a second Bragg peak.siii d A conventional magnetic proxim-
ity effect where the magnetization exhibits an exponential
decay into the SC layer also fails to describe our spectra.

In the following we discuss the only two successful mod-
els whose magnetization profiles are illustrated in Fig. 2scd.
Model 1 sleft paneld assumes a sizable magnetic moment

FIG. 2. sColord sad Polarized specular reflectivity of sample 2 at 200 and 15 K, forHext=100 Oesfield cooledd. sbd Simulated reflectivity
curvessmodel 1d andscd model potentials that reproduce the experimental data. Left: antiphase magnetic proximity effectsmodel 1d; Right:
“dead layer”smodel 2d. dszd~Vszd is the deviation of the refractive index from 1,l is the neutron wavelength.
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within the YBCO layer that couples antiferromagnetically to
the one in LCMOsantiphase magnetic proximity effectd. No-
tably, the antiparallel alignment is essential to reproduce the
observed second Bragg-peak positions and intensities. Model
2 sright paneld contains a “dead” region with no net magnetic
moment seither paramagnetic or antiferromagneticd within
the LCMO layer. The resulting fits of the polarized reflec-
tivities using model 1 are shown in Fig. 2sbd. The values of
the magnetic induction thus obtained areBYBCO=0.6 T and
BLCMO=0.9 T ssample 1d, and BYBCO=0.6 T and BLCMO
=1.4 T ssample 2d. The penetration depth of the interfacial
magnetization profile is of the order of 20 Å in the YBCO
layer, and 10 Å in the LCMO layer. Similar fits were ob-
tained with model 2snot shownd assuming a thickness of the
“dead layer” of about 20 Å and magnetic inductionB of 1.1
T ssample 1d and 1.5 Tssample 2d.

The calculations do not allow one to differentiate between
these two models. Furthermore, both models can be justified
on physical grounds. The magnetically “dead layer” in
LCMO, the centerpiece of model 2, could arise from interfa-
cial strain or charge transfer across the interface. According
to the phase diagram of LCMO, this could introduce an in-
sulating layer with antiferromagnetic order. Alternatively, it
could arise from interfacial disorder such as intergrowth or
interdiffusion of cations. However, the latter explanation
seems unlikely since the combined results of x-ray diffrac-
tion, electron microscopy,5 and in particular, neutron reflec-
tivity curves for T.Tmag, testify to the high quality of the
interfaces with practically absent intergrowth and small over-
all structural roughness of the order of 5 Å.

In terms of interesting physical phenomena, the scenario
of model 1 is far more appealing. Its essential feature, that is,
a thin layer on the SC side which has a net magnetic moment
oriented antiparallel to the one in the FM layer, has recently
been proposed theoretically.12 The unusual magnetization
profile near the interface originates here from Cooper pairs
that have a finite overlap with both the FM and the SC lay-
ers. Heuristically, the preferential spin alignment of one elec-
tron in the FM layer leads to an antiparallel spin orientation
of the second electron of the spin-singlet pair that resides in

the SC layer. One may argue that this model cannot be rel-
evant since the second Bragg peak appears already well
aboveTsc while Cooper pairs exist only forT,Tc. Never-
theless, a possible explanation may be found in terms of
strong SC fluctuations above the macroscopic transition tem-
perature which are well known to be prominent in under-
doped HTSC. Alternatively, one may speculate that corre-
sponding arguments, as outlined in Ref 12 for the case of
Cooper pairs, may be applicable for other kinds of itinerant
spin-singlet pairs. The possibility of spin-singlet pairs at el-
evated temperaturesT.Tsc has been indeed proposed in the
context of the unusual normal-state electronic properties of
the cuprate HTSCsso-called pseudogap phenomenond.13 Fi-
nally, we note that our data are consistent with recent mac-
roscopic magnetization measurements suggesting an antifer-
romagnetic component of the magnetization profile at the
YBCO/LCMO interface.14 Underdoped cuprates are known
to be susceptible to antiferromagnetic order, and a staggered
magnetization profile whose amplitude decreases as a func-
tion of distance from the interface would generate a net mag-
netization in YBCO, as observed.

In summary, our neutron reflectometry measurements on
high-quality YBa2Cu3O7/La2/3Ca1/3MnO3 multilayers have
revealed detailed, microscopic information about the magne-
tization profile as a function of in-plane and out-of-plane
wave vectors. First of all, our data testify for the high struc-
tural quality of our multilayers with an rms interface
roughness7 of s<5 Å. Furthermore, we observed character-
istic differences between the nuclear and the magnetic scat-
tering profiles which allowed us to identify two possible sce-
narios ofsid an antiphase magnetic proximity coupling where
a FM moment is induced in YBCO that is oriented antipar-
allel to the one in LCMO, andsii d a ferromagnetically “dead
layer” seither paramagnetic or antiferromagneticd within the
LCMO region. Finally, we observed an anomalous enhance-
ment of the off-specular reflection in the SC state which
suggests a strong mutual interaction between the SC and the
FM order parameters.

We acknowledge M. Wolff for support onADAM at ILL,
France. This work was partly performed on Morpheus at
SINQ, Paul Scherrer Institute, Switzerland.

1C. L. Chen and D. H. Reich, J. Magn. Magn. Mater.200, 83
s1999d; A. M. Goldmanet al., ibid. 200, 69 s1999d.

2Y. A. Izyumov, Y. N. Proshin, and M. G. Khusainov, Phys. Usp.
45, 109 s2002d; L. N. Bulaevskii et al., Adv. Phys. 34, 175
s1985d.

3V. V. Ryazanovet al., Phys. Rev. Lett.86, 2427s2001d; T. Kon-
tos, M. Aprili, J. Lesueur, and X. Grison,ibid. 86, 304 s2001d.

4Z. Sefriouiet al., Appl. Phys. Lett.81, 4568s2002d; Z. Sefrioui
et al., Phys. Rev. B67, 214511s2003d.

5H. U. Habermaieret al., Physica C364, 298s2001d; T. Holdenet
al., Phys. Rev. B69, 064505s2004d.

6G. P. Felcher, J. Appl. Phys.87, 5431 s2000d; H. Zabel and K.
Theis-Bröhl, J. Phys.: Condens. Matter15, S505s2003d.

7V. Holý, U. Pietsch, and T. Baumbach,High-Resolution X-Ray
Scattering from Thin Films and Multilayers, Springer Tracts in
Modern Physics, Vol. 149sSpringer, Berlin, 1999d; P. Mikulík,
EDXR—X-ray and Neutron Reflectivity Calculation Program,
2001, mikulik@physics.muni.cz.

8C. A. R. Sá de Melo, Phys. Rev. Lett.79, 1933s1997d.
9Z. Radovic, L. Dobrosavljevic-Grujic, A. I. Buzdin, and J. R.

Clem, Phys. Rev. B38, 2388s1988d; Z. Radovic, M. Ledvij, L.
Dobrosavljevic-Grujic, A. I. Buzdin, and J. R. Clemibid. 44,
759 s1991d.

10A. I. Buzdin and L. N. Bulaevskii, Sov. Phys. JETP67, 576
s1988d; F. S. Bergeret, K. B. Efetov, and A. I. Larkin, Phys. Rev.
B 62, 11872s2000d.

11A. I. Buzdin and A. S. Melnikov, Phys. Rev. B67, 020503sRd
s2003d; A. F. Volkov, F. S. Bergeret, and K. B. Efetov, Phys.
Rev. Lett. 90, 117006s2003d.

12F. S. Bergeret, A. F. Volkov, and K. B. Efetov, Phys. Rev. B69,
174504s2004d.

13P. W. Anderson, Science235, 1196s1987d; P. W. Anderson,The
Theory of Superconductivity in the High-Tc Cuprates, sPrinceton
University Press, Princeton, NJ, 1997d.

14N. Haberkornet al., Appl. Phys. Lett.84, 3927s2004d; P. Przys-
lupski et al., Phys. Rev. B69, 134428s2004d.

STAHN et al. PHYSICAL REVIEW B 71, 140509sRd s2005d

RAPID COMMUNICATIONS

140509-4


