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ABSTRACT: We report the effect of interface symmetry-mismatch on the
magnetic properties of LaCoO3 (LCO) thin films. Growing epitaxial LCO under
tensile strain on top of cubic SrTiO3 (STO) produces a contraction along the c
axis and a characteristic ferromagnetic response. However, we report here that
ferromagnetism in LCO is completely suppressed when grown on top of a buffer
layer of rhombohedral La2/3Sr1/3MnO3 (LSMO), in spite of identical in-plane and
out-of-plane lattice deformation. This confirms that it is the lattice symmetry
mismatch and not just the total strain, which determines the magnetism of LCO.
On the basis of this control over the magnetic properties of LCO, we designed a multilayered structure to achieve independent
rotation of the magnetization in ferromagnetic insulating LCO and half-metallic ferromagnet LSMO. This is an important step
forward for the design of spin-filtering tunnel barriers based on LCO.
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Ferromagnetic insulating (FMI) oxides have important
applications in the design of multiferroic materials and

fabrication of spin-filter tunnel barriers in spintronic
applications.1 The utility of FMI tunnel barriers was
demonstrated by Moodera et al.2−5 with EuS, and it was later
shown in o the r ox ide s l i ke La 0 . 1B i 0 . 9MnO3 ,

6 , 7

Pr0.8Ca0.2Mn1−xCoxO3,
8 NiFe2O4,

9,10 and CoFe2O4.
10−14 In

these cases, the fundamental magnetic interaction is anti-
ferromagnetic (AF), nevertheless giving rise to ferromagnetism
(FM) as a result of uncompensated magnetic moments (as in
ferrimagnetic spinels), or canted AF (in the perovskites). But
unfortunately, apart from a few notable exceptions, FM oxides
tend to be conducting.15 Therefore, the synthesis of new FMI
oxides is an important and interesting challenge that must be
addressed.
In this regard, the FMI state induced by epitaxial strain in

LaCoO3 (LCO) thin films is remarkable.16−20 Given the
similarities between the intra-atomic exchange and the crystal
field splitting of Co3+ in LCO (≈20−80 meV),21,22 some
authors associated the FM in thin films of LCO to an ordered
pattern of HS/LS Co3+ stabilized by strain.23−25 However,
oxygen nonstoichiometry was also suggested by other authors
as the main responsibility of FM,26−28 and the precise origin of

this effect is still under debate. Recently, Qiao et al.29 proposed
a correlation between the macroscopic magnetism observed in
films of LCO under tensile stress and the microscopic
octahedral distortions induced by the symmetry mismatch at
the interface. These authors suggest that an octahedral
expansion induced by epitaxial stress reduces the Co−O
bond covalency and promote higher spin states of Co3+, which
supports the FM interaction.
In this work, we explored the magnetic behavior of LCO

grown on a buffer layer of half-metallic FM La2/3Sr1/3MnO3
(LSMO) over STO. Bulk LSMO crystallizes in a rhombohedral
structure (R3 ̅c, number 167) like LCO, and both show similar
out-of-phase octahedral rotation in the three directions of space
(a−a−a− in Glazer notation30). This experiment is, therefore, a
macroscopic test for the microscopic theory of FM in LCO
induced by symmetry mismatch with STO. Our results
confirmed a complete suppression of FM in LCO grown on
top of a buffer layer of LSMO on STO, in spite of a lattice
deformation identical to that achieved by direct growth on
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STO. On the basis of this precise control over the FM of LCO,
we designed a multilayered structure in which the magnet-
ization of FMI LCO and FMM LSMO can be manipulated
independently. This is an important first step to develop FMI
barriers of LCO for application in spin-filter tunnel devices.
Results and Discussion. Different multilayered structures

of LCO and LSMO were grown by pulsed laser deposition
(PLD) on (001)-oriented STO substrates:

(i) Two bilayers (all units in nanometers): LSMO(22)-
bottom/LCO(4)-top (hereafter LSMO/LCO) and
LCO(4)-bottom/LSMO(22)-top (hereafter LCO/
LSMO).

(ii) Two trilayers (all units in nanometers): LCO(4)-
bottom/LSMO(20)-middle/LCO(4)-top (hereafter
LCO/LSMO/LCO) and LSMO(22)-bottom/STO(1)-
middle/LCO(2)-top (hereafter LSMO/STO/LCO).

X-ray diffraction and reflectivity, as well as aberration
corrected scanning transmission electron microscopy
(STEM), indicate the growth of coherently strained epitaxial
layers, with atomically sharp and flat interfaces over large
distances (see for example X-ray reciprocal space maps in
Figure S2 in the Supporting Information and Figures 1 and 2
below), certifying the high-quality of the samples in this study.

Epitaxial growth on (001) STO imposes a tensile stress of
+0.62% and +2% on LSMO and LCO, respectively. In a purely
elastic, volume-conserving model, this will produce an out-of-
plane contraction of their lattice parameters with respect to
STO of ≈1.8% for LSMO and 6% for LCO (aLCO = 3.826 Å;
aLSMO = 3.881 Å, in a pseudocubic setting).
Geometric phase analysis (GPA),31 combined with high-

angle annular dark-field (HAADF) images from cross sectional
lamellae of LSMO/LCO (see Figure S3 in the Supporting
Information) show that the in-plane lattice parameter of both
LCO and LSMO are well matched to the substrate. However,
though the out-of-plane lattice parameter of LSMO presents an
average contraction of ≈1.2%, close to expected value, the out-
of-plane lattice parameter of LCO layer contracts about ≈3.5%.
The contraction in LCO is substantially smaller than expected.
This could be a signature of oxygen nonstoichiometry in the
film, as observed previously when grown on top of STO under
similar in-plane strain.28,32

To confirm the role of total strain and lattice symmetry effect
on the volume of LCO, a trilayer of LCO/LSMO/LCO with
identical thicknesses of the LCO layers was grown and analyzed
by HAADF imaging in STEM and GPA. The results are
summarized in Figure 2. The intermediate layer of LSMO was
grown thick enough (22 nm) to maintain its bulk-like
rhombohedral structure, as shown in ref 33. The rhombohedral
symmetry of our LSMO films was verified by the existence of
half-order (1/2, 1/2, 3/2) Bragg reflections (see Figure S4 in
the Supporting Information). The results confirm that three
layers grow fully strained with respect to the substrate. It is also
clearly observed that the out-of-plane contraction, and thus the
final volume, of LCO is independent of whether it is grown on
top of STO or LSMO. Therefore, it depends only on the in
plane strain, not on the symmetry of the material underneath.
The magnetic properties of the bilayers LSMO/LCO and

LCO/LSMO are shown in Figure 3. For LCO/LSMO, low
field magnetization versus temperature experiments confirmed
the existence of a magnetic transition at ≈85 K, as expected on
strained films on top of STO substrate (Figure S5 in the
Supporting Information). This bilayer shows a single-step
M(H) loop, with a saturation magnetization at low temperature
of ≈2.4 μB/Mn, and a coercive field, HC ≈ 140 Oe (Figure 3a).
This HC is much larger than HC ≈ 25 Oe for pure LSMO
(Figure S5 in the Supporting Information), which demonstrates

Figure 1. STEM-EELS spectrum image of the LSMO-LCO interface
collected in the region of interest, marked with a green rectangle in the
HAADF reference image (a). (b) Panels show the HAADF signal; Mn
L2,3, La M4,5, and Co L2,3 integrated intensities, and color map
composed with these intensity distributions.

Figure 2. (a) HAADF-STEM image of the LCO/LSMO/LCO trilayer and (b) GPA analysis of that image showing the in-plane and out-of-plane
deformation of the lattice parameter with respect to the STO substrate. (c) Line profiles of the in-plane and out-of-plane deformations integrated
horizontally over 100 pixels. Note the same contraction in both layers of LCO (≈3.5%) when grown on top of LSMO or directly on STO.
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that the magnetization of LCO and LSMO are coupled through
the interface and rotate simultaneously with H.
Surprisingly, the situation is completely different for the

reverse configuration: LSMO/LCO. In this case, the M(H)
curve is similar to that of isolated LSMO, with a HC ≈ 20 Oe,
confirming the suppression of ferromagnetism in LCO grown
on top of rhombohedral LSMO. An exchange bias with HE ∼
17 Oe is observed in this case (Figure 3b), most probably due
to an antiferromagnetic Mn−O−Co superexchange coupling
across the LSMO/LCO interface.
Therefore, our results demonstrate that FM is suppressed in

the films of LCO grown on LSMO, although the unit cell
volume (the total lattice deformation) of the LCO films is
absolutely similar when grown directly on cubic STO or on top
of a buffer layer of rhombohedral LSMO at STO (see GPA
analysis in Figure 2).

This is a confirmation that it is the symmetry of the lattice
underneath (not just the total strain) that plays the main role in
the appearance of ferromagnetism in strained thin films of
LCO. Accommodation of lattice strain and symmetry-mismatch
changes the rotation pattern of CoO6 octahedra in LCO with
respect to bulk. Epitaxial matching to cubic STO (Pm-3m,
#221, a0b0c0) requires a distortion of the octahedral rotations in
LCO with respect to bulk R3 ̅c (number 167, a−a−a−). This
changes the Co−O distance and the spin-state of Co3+, as
recently suggested.29 On the other hand, the same rotation
pattern is observed in rhombohedral LSMO, and therefore, a
perfect symmetry matching occurs at the interface between
these two oxides, leaving the Co−O covalency in LCO mostly
unaffected.
Once we have confirmed that the FM of LCO can be

maintained down to 3−4 nm under proper choice of the crystal
underneath, we attempted the design of a multilayer
heterostructrure in which an independent reversal of FMI-
LCO and half-metal ferromagnet LSMO is achieved. This is a
first step to probe the suitability of FMI-LCO as a spin-filter
tunneling barrier.
In order to achieve this goal, a thin layer of STO was grown

between the bottom film of LSMO and the top layer of LCO.
To keep the total thickness of the insulating barrier constant,
≈1 nm of STO and ≈2.5 nm of LCO were grown on top of
≈20 nm of LSMO (Figure 4a). In this configuration, the STO
barrier plays a dual role of maintaining the necessary distortion
to produce FM behavior in the top LCO layer, and of
decoupling the magnetization of LCO and LSMO. As shown in
Figure 4, an STO layer ≈1 nm thick is enough to accomplish

Figure 3. Magnetic hysteresis loop for the LCO/LSMO (a) and
LSMO/LCO (b) bilayers, measured at 10 K. The M(H) curve in the
latter case moves to either + or − fields, depending on the sign of the
applied field during cooling, due to exchange bias.

Figure 4. (a) HAADF-STEM image of the trilayer LSMO/STO/LCO sample. The thickness of the top LCO layer is slightly reduced from the as-
deposited film, due to surface damage during preparation of the lamella. (b) Magnetic hysteresis loop of the sample at 10 K. (c) Magnetization versus
temperature at low external field (8 Oe). (d) Comparison of the magnetic loops measured at 10 and 150 K. The two-step M(H) curve is only
observed below Tc of LCO (85 K). The loop measured at 150 K is similar to the loop of pure LSMO.
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these objectives. This figure shows the two-step behavior in the
hysteresis loop at 10 K, corresponding to the independent
reversal of the magnetization of the LCO and LSMO layer. The
variation in the magnetization at the step corresponds to ≈0.8
μB/Co, which is roughly the expected value for LCO.28

To demonstrate that this behavior is indeed reflecting the
independent switching of the magnetization in both layers, we
have measured the magnetization as a function of the
temperature and the hysteresis loop at different temperatures.
As shown in Figure 4c, two transitions are visible in the M(T)
curve, at 85 K from the LCO layer, and at 335 K, from the
LSMO layer. Above TC of LCO, the M(H) curve of the trilayer
recovers the single step behavior, at the time that the coercive
field and the saturation magnetization decreases to the expected
value for an isolated LSMO film (Figure 4d). These two
experiments confirm that the magnetization of the LCO and
LSMO layers rotate independently of each other. We noted
that in this configuration the coercive field of the LCO layer is
very small, ≈10 Oe. Although an important decrease of HC is
observed when thickness decreases (Figure S4 in the
Supporting Information), this value seems too small even
taken into account this possibility. Therefore, we are forced to
conclude that the quality of the thin layer of LCO when
deposited on top of ≈1 nm STO is not as good and free of
defects as when deposited on the STO single-crystal substrate.
In summary, we have determined the conditions to grow

ultrathin FMI layers of LCO. This was done by studying the
role played by symmetry-mismatch (beyond the total strain)
between LCO and the crystal underneath, to stabilize the FM
interaction in the cobaltite. Finally, we have designed a
multilayer heterostructure in which independent rotation of
the magnetization of LCO and LSMO has been achieved. This
is an important step forward for the development of spin-
filtering tunneling devices based on FMI-LCO.
Experimental Section. Multilayers of LCO, LSMO and

STO heterostructures were grown on TiO2-terminated (001)
STO by pulsed laser deposition (λ = 248 nm, KrF excimer
laser). The ablation fluence, repetition rate and oxygen pressure
were ≈0.9 J/cm2, 5 Hz, and 200 mTorr, respectively. The
LSMO and STO layers were grown at a substrate temperature
of 800 °C, whereas the substrate temperature for LCO was
optimized at 700 °C. X-ray characterization was performed in a
PANalytical Empyrean diffractometer, using Cu Kα radiation.
Scanning transmission electron microscopy (STEM) measure-
ments were performed in a FEI Titan 60−300 operated at 300
kV and equipped with a high brightness Schottky field emission
gun, a CETCOR probe aberration corrector from CEOS to
provide a spatial resolution better than 1 Å in STEM mode, and
a Gatan Imaging Filter 866 ERS for spectroscopic analysis. Z
contrast imaging was carried out in high angle annular dark
field (HAADF) with a probe convergence angle of 25 mrad and
an inner collection angle of approximately 58 mrad. Addition-
ally, HAADF imaging was combined with electron energy loss
spectroscopy (EELS) to analyze chemically the heterostruc-
tures by STEM-EELS spectrum imaging. In this case, both the
inner angle for the HAADF detector and the spectrometer
collection angle were 60 mrad. Spectrum image (SI) has been
performed with an energy dispersion of 0.5 eV and the dwell
time around 0.04 s. The analyzed specimen is a lamella
extracted from the sample by focused ion beam (FIB) milling in
a FEI Helios Nanolab 600 using a 5 kV ion beam for the final
thinning to reduce the surface amorphization layer. Magnetic
measurements were performed using a Magnetic Property

Measurement System (MPMS) from Quantum Design, with
the magnetic field applied parallel to the film surface.
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