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We use polarized neutron reflectometry and dc magnetometry to obtain a comprehensive picture of the
magnetic structure of a series of La2=3Sr1=3MnO3=Pr2=3Ca1=3MnO3 (LSMO=PCMO) superlattices, with
varying thickness of the antiferromagnetic (AFM) PCMO layers (0 � tA � 7:6 nm). While LSMO
presents a few magnetically frustrated monolayers at the interfaces with PCMO, in the latter a magnetic
contribution due to ferromagnetic (FM) inclusions within the AFM matrix is maximized at tA � 3 nm.
This enhancement of FM moment occurs at the matching between layer thickness and cluster size,
implying the possibility of tuning phase separation by imposing appropriate geometrical constraints which
favor the accommodation of FM nanoclusters within the ‘‘non-FM’’ material.
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Nanostructured magnetic materials are already finding
applications in magnetic recording and memory devices.
One important focus has been on tunneling magnetoresis-
tance (TMR), in which ferromagnetic (FM) layers having
spin-polarized conduction electrons are separated by a
nonmagnetic insulating barrier [1]. TMR occurs when the
applied field aligns the magnetic moments of the FM
layers, allowing the spin-polarized tunneling of carriers
through the insulator. Spin-polarized double-exchange
magnets such as La2=3�Sr;Ca�1=3MnO3 have been consid-
ered as the metallic layers, along with various insulating
barriers such as SrTiO3 (STO), LaAlO3, NdGaO3. The
results are not encouraging, probably because the interfa-
cial magnetization falls off with increasing temperature
more rapidly than does the bulk magnetization [1].

As a different approach to TMR devices, we have fab-
ricated all-manganite multilayers utilizing antiferromag-
netic (AFM) insulating manganites as the barrier [2–5].
In these multilayers, we first expect that the similarities in
lattice structure and stoichiometry at the manganite-
manganite interfaces will minimize the suppression of
interfacial magnetization. We next explore the possibility
of inducing magnetization in the AFM spacer and thereby
having a magnetic-field-sensitive tunnel barrier, which
would contribute to the TMR effect. AFM materials with
FM instabilities (phase-separated manganites) are thus
ideal candidates for the insulating layers [6].

We use as the barrier layer Pr2=3Ca1=3MnO3 (PCMO),
which supports nanoscale FM droplets within its AFM
insulating matrix [7–9]. Because of its high Curie tem-
perature, we use La2=3Sr1=3MnO3 (LSMO) for the FM
layers. We report the magnetic properties as functions of
temperature and spacer-layer thickness, using polarized
neutron reflectivity (PNR) to map the magnetization profile
through the multilayer structure. Despite the structural

regularity of the interfaces, magnetically disordered re-
gions appear at the surfaces of the LSMO layers. In con-
trast, the FM moment is enhanced in the PCMO spacer
when its layer thickness is�3 nm. Interestingly, this is the
situation where the layer thickness matches the size of the
FM clusters that occur in PCMO [9].

Epitaxial superlattices were grown on atomically flat
STO (001) substrates by pulsed laser deposition at
750 �C. Then, the films were annealed at 750 �C in
60 kPa of oxygen for 1 h. The multilayers involve five
repetitions of LSMO=PCMO bilayers, with LSMO as the
starting layer. The thicknesses obtained from x-ray diffrac-
tion and PNR (accuracy 0.1 nm) are 11.9 nm for LSMO (in
all cases), while for PCMO they are tA � 0, 0.8, 1.7, 2.7,
3.5, 4.3, and 7.6 nm, respectively (for tA � 0, a single 11.9-
nm-thick layer of LSMO was grown). The out-of-plane
lattice parameters (3.85 and 3.76 Å for LSMO and PCMO,
respectively) are smaller than the bulk values (3.88 and
3.83 Å, respectively), confirming the tensile stress imposed
by the substrate (the in-plane lattice parameter is 3.90 Å for
all STO, LSMO, and PCMO).

Magnetization (M) data were obtained in a SQUID
magnetometer, with in-plane magnetic fields �0H � 7 T.
M�H� loops at T � 5 K for three selected samples are
shown in Fig. 1. All our multilayers show sharp FM loops,
with a Curie temperature TC � 345 K (obtained fromM vs
T) corresponding to the LSMO layers. A close inspection
of these data reveals a small but clear variation of the
magnetic moment with the thickness tA. After correcting
for a minor substrate contribution [10], we obtained the
spontaneous magnetization M0 (the back extrapolation to
H � 0 from the high-field saturated region). Since only
FM phases can give a spontaneous moment, M0 is a direct
measure of the FM volume of the samples [11]. Two
curious features can be noticed in M0 vs tA [Fig. 2(a)].
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At tA � 0,M0 corresponds to the saturation of pure LSMO,
but then the moment decreases when a thin layer of PCMO
(tA � 0:8 nm) is added between the LSMO layers. The
decrease of M0 suggests a reduction of the magnetic mo-

ment of the LSMO, since any FM contribution from the
PCMO should align parallel to the applied field (this is
indeed confirmed by PNR). For thicker PCMO layers M0

increases again due to the contribution of FM droplets
inside the PCMO [2,6–9].

Clearly, an AFM coupling between different LSMO
layers cannot be responsible for the initial reduction of
M0. RKKY-like interactions require a nonmagnetic metal-
lic intermediate layer [12], which is not the case for
PCMO, and weak dipolar interactions could hardly induce
this behavior. In both cases the applied field should realign
the magnetic moments of the LSMO layers. However, M0

stays the same even after cooling the samples under a high
field of 7 T. Differently, a plausible reason for the reduction
of M0 is the formation of magnetically disordered regions
at the LSMO side of the FM-AFM interfaces, as it has been
observed in other systems [1,13,14].

While M�H� measurements are not conclusive about the
origin of the reduction ofM0, PNR provides a depth profile
of M and is thus an ideal tool to test for the existence of
disordered interfaces [13,14]. PNR experiments were car-
ried out on the NG1 reflectometer at the NIST Center for
Neutron Research at T � 6, 120, and 300 K on three
selected samples, tA � 1:7, 2.7, and 4.3 nm. An in-plane
magnetic field of 0.32 T was applied, enough to reach
saturation in the films. Spin-flip scattering, indicative of
magnetization perpendicular to the applied field, was thus
not observed. As typical examples, the top panels of Fig. 3
show the non-spin-flip reflectivities (R�� for spin up and
R�� for spin down) for tA � 2:7 nm at 300 K and for tA �
4:3 nm at 6 K (for the sake of clarity R�� was multiplied
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FIG. 2 (color online). (a) Total FM moment of the samples at
5 K as a function of tA. The horizontal line is the contribution of
the LSMO layers for tA > 0. (b) FM moment of the
Pr2=3Ca1=3MnO3 layers only. The dotted line shows the FM
moment of a 20-nm-thick PCMO film. The FM moment ob-
tained from PNR at 6 K is also shown (star symbols). Only error
bars bigger than the symbols are shown.
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FIG. 1 (color online). Magnetization loops at T � 5 K for
three selected samples (1 emu � 10�3 A m2). The labels indi-
cate the thickness of the Pr2=3Ca1=3MnO3 layers (tA). Inset: Low-
field region of the same loops for tA � 0 and 0.8 nm.
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FIG. 3 (color online). Top: Neutron reflectivity for the samples
with tA � 2:7 nm (at 300 K, left) and tA � 4:3 nm (at 6 K,
right). Triangles and circles correspond to R�� and R��, re-
spectively (R�� was multiplied by 10). The solid lines through
the data are the fits. Bottom: M profiles at the three studied
temperatures for the same samples (tA � 2:7 and 4.3 nm on the
left and right sides, respectively). The light and dark gray areas
are the LSMO and PCMO layers, respectively.
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by 10). Note that the q-dependent splitting between the
non-spin-flip reflectivities at wave vectors above the total
reflection edge (q 	 0:014 �A�1) is sensitive to the depth-
dependent projection of the magnetization parallel to the
field. Using the REFLPAK software suite [15], the data were
fitted to models for the depth profile of the structure and
magnetization after correcting for polarization efficiencies
(> 97%) and other instrumental effects. The models used
to fit these data were kept as simple as possible, while
keeping a high quality fit. We note that the quality of the
PNR data for tA � 1:7 nm is reduced relative to that ob-
tained for the other two samples studied due to limitations
in measurement time and in counting statistics. These data
are not shown in the interest of space, but they were fit
successfully with parameters that are consistent with the
magnetization results as well as with the other two samples
(see below).

The obtained M profiles for tA � 2:7 and 4.3 nm are
shown in the bottom panels of Fig. 3. For all three samples,
the fits at 300 K show the presence of 1.2-nm-thick regions
on the LSMO side of the interfaces where M is widely
suppressed as compared to the inner volume of the LSMO
layers, the so-called magnetically disordered interfaces
(MDIs). While MDIs are easily distinguished at 300 K,
at low T they are not clearly visible in the PNR model fits.
This means that the low-T MDIs must be narrower than
0.5 nm (the roughness of the interfaces and the depth
resolution limits of PNR mask the reduced magnetization
on this length scale). Actually, previous works on similar
manganite systems also show MDIs at the nanometer scale
at high T [13,14,16,17], while at low T the disordered
regions become unobservable. On the other hand, the
drop of M0 at 5 K between the pure LSMO sample (tA �
0) and tA � 0:8 nm requires the presence of MDIs with a
thickness of at least 0.4 nm. Then, with MDIs of
�0:4–0:5 nm the FM contribution of the LSMO to the
magnetic moment of the superlattices must be�7:6–7:7

10�4 emu=cm2 per layer [the dashed line in Fig. 2(a) in-
dicates 7:65
 10�4 emu=cm2 per layer].

Magnetically disordered regions have been observed at
interfaces as well as at the free surface of manganites
[16,17]. In La0:7Sr0:3MnO3 films, spin-resolved photoemis-
sion spectroscopy (SPES) shows that, while at low T full
saturation is reached, at higher T (below TC) several Mn-O
layers at the free surface of the film exhibit a reduced
magnetization as compared to the material underneath
[16]. This agrees with the observation that the MDIs are
regions where M decays faster with T, thus deteriorating
the TMR [1]. Also in our PNR experiments the MDIs are
more clearly observed at higher T (Fig. 3), but even at low
T these disordered interface regions introduce anomalous
features in our M�H� data. As shown in the inset of Fig. 1
for tA � 0 and 0.8 nm, the magnetization reversal when H
changes sign consists of two steps: first, a fast reversal
occurs at �0H < 5 mT, followed by a more gradual mo-

ment increase at higher fields. For both samples the fast
reversal is similar, with the same values of M. However, at
higher fields the magnetization for tA � 0:8 nm stays
clearly lower than for tA � 0, indicating that full saturation
is not reached. Since the difference between the two
samples is the contact of the LSMO surfaces with
PCMO, this behavior must be related to the interfaces.
We conclude that the sharp reversal corresponds to the
inner volume of LSMO in the films, while the gradual
increase of M is related to the alignment of the disordered
LSMO surfaces. At low T, full saturation can be reached in
the free LSMO surfaces in high fields, as observed in SPES
experiments [16]. However, when the LSMO surfaces are
in contact with PCMO the MDIs remain disordered in
fields as large as 7 T and the magnetic moment is smaller.
We thus speculate that the PCMO moments at the inter-
faces pin the magnetic moments of the already disordered
LSMO surfaces.

After its initial decrease, M0 increases again for PCMO
thicknesses above 0.8 nm and a second feature develops,
i.e., a maximum at intermediate tA. It is well known that
PCMO is phase separated on the nanoscale, either in bulk
or thin films [7–9]. Indeed, we prepared a 20-nm-thick
PCMO film which exhibits spontaneous ferromagnetism.
Its FM moment�175 emu=cm3 is superposed to the linear
M-H response of the predominant AFM background. In the
multilayers, the FM moment of the PCMO layers (M�) was
obtained as a function of tA after subtracting the contribu-
tion from the LSMO [see Fig. 2(b)].

The maximum of M0 now appears as a maximum in M�

vs tA. For very small tA (< 2 nm) the FM moment of
PCMO remains small, below 80 emu=cm3. Presumably,
the thin PCMO layers are not large enough to accommo-
date FM clusters, and only a small number of them can
form. For large tA,M� approaches the magnetization of the
pure PCMO film (thickness 20 nm). In between, the pro-
nounced peak of M� at tA around 3 nm is confirmed by the
PNR experiments. When we compare the magnetic profiles
of the samples at 6 K, the magnetization in the LSMO
layers is observed to be nearly the same, and corresponds
to the saturation of LSMO (solid lines in the bottom panels
of Fig. 3). The T dependence of M in the LSMO layers is
also similar for all the samples (square symbols in Fig. 4).
However, the FM moment inside the PCMO layers is
clearly largest in the 2.7 nm sample. Moreover, as demon-
strated in Figs. 2(b) and 4, the values obtained from PNR at
6 K are in very good agreement with those calculated from
M�H� at 5 K. This maximum FM contribution of the
PCMO layers may originate from an increased population
of FM clusters within the AFM matrix at intermediate
thicknesses. Of course, PNR does not provide information
about the size or characteristics of these clusters since the
depth-dependent M profile is an average of the FM mo-
ment across the film plane.

The cause of the increase of the PCMO FM moment is
not obvious. On one hand, the proximity of the LSMO FM
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layers may induce FM correlations inside the PCMO
[4,18]. However, any interface magnetic coupling should
be precluded by the MDIs. But even at 300 K with 1.2-nm-
thick MDIs, the maximized FM moment of PCMO for
tA � 2:7 nm persists (see Figs. 3 and 4). On the other
hand, the modified physical properties of thin manganite
films point to the relevance of interface clamping and
lattice strain in these samples [2,3,5,19]. Moreover, strain
effects have been linked with nanoscopic as well as meso-
scopic phase separation in many manganite samples [8,20],
including thin films. Indeed, a FM contribution of the
PCMO layers at 300 K is highly unusual. At this T a FM
response is totally absent in bulk PCMO; thus, possibly
growth-induced strain fields may play a key role for the
stabilization of FM nanoclusters in our films. Finally,
cation disorder and charge segregation are also possible
sources for nanoscale phase separation [6,8]. Unfor-
tunately, the microscopic origin of the tA dependence of
M� cannot be uniquely determined from our current ex-
periments. Our results, however, show clearly that the
optimization of the FM moment of PCMO is driven by
the geometrical confinement of the FM clusters within
thicknesses tA � 3 nm. Since neutron scattering experi-
ments show a similar length scale for the size of the FM
clusters [9], the accommodation of these clusters within the
PCMO is likely to be favored by the matching condition
between layer thickness and FM cluster size.

In summary, the combination of PNR and magnetometry
reveals the nanoscale magnetic structure of the
LSMO=PCMO multilayers. The stacking of PCMO on
top of LSMO hampers the saturation at the surfaces of
the ferromagnetic LSMO layers, forming 1.2-nm-thick

magnetically disordered interfaces at 300 K. In the
phase-separated PCMO, a maximum FM moment occurs
for layer thicknesses comparable to the characteristic cor-
relation length of the FM nanoclusters, i.e., for tA � 3 nm.
This enhancement of ferromagnetism in the nominally
AFM spacer could have important implications for the
TMR response of these devices. In similar manganite
multilayers the TMR can be optimized at intermediate
thicknesses [2,3]. In our superlattices, our ability to max-
imize the FM moment implies that optimization and ma-
nipulation of the electronic properties of the insulating
spacer may be achieved by controlling its layer thickness.
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