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Antiferromagnetic interlayer coupling and thus
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[LaMnO3/LaCoO3]5 superlattices†
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Artificial engineering of an interfacial spin structure of complex oxides with strongly coupled spin,

orbital, charge and lattice degrees of freedom is crucially important for the exploration of novel effects

associated with magnetic tunneling, exchange biasing, and spin injecting/manipulating, which are the

central issues of spintronics. Here we demonstrate the presence of a distinct interlayer coupling between

LaMnO3 (LMO) and LaCoO3 (LCO) and the resulting dramatic effect on the spin structure. We found that

the LCO layer in (LMO/LCO)5 superlattices exhibits not only an antiferromagnetic coupling with a neigh-

boring LMO layer but also a long-range magnetic order with substantially reduced magnetization. As

suggested by density functional theory calculations, interlayer coupling can induce a spatial oscillation of

magnetic moment within the LCO layer, resulting in low magnetization.

1. Introduction

Because of interlayer coupling, spatial confinement, and
charge/orbital reconstruction, complex oxide interfaces are dis-
tinct from bulk materials,1 exhibiting a number of novel
effects, such as two-dimensional superconductivity2,3 and
interfacial ferromagnetism4–6 for the LaAlO3/SrTiO3 interface,
enhanced ferromagnetic (FM) order for the La0.7Sr0.3MnO3/
BaTiO3 superlattices (SLs),

7 antiferromagnetic (AFM) interlayer
coupling for the La0.7Sr0.3MnO3/SrRuO3 (LSMO/SRO) SLs8 and
bilayers,9 and distinct magnetic order in paramagnetic (PM)
layers for the YBa2Cu3O7−δ/La0.7Ca0.3MnO3

10–12 and LaNiO3/
LaMnO3 (LNO/LMO)13 SLs. Among these, the latter pheno-
menon is particularly interesting in a sense that it demon-
strated the induction of a well-defined spin texture in the PM
layers by a neighboring FM layer. As experimentally revealed,
spins of the Cu ions in the interfacial layer of YBa2Cu3O7-δ

prefer to align against those of the Mn ions of La0.7Ca0.3MnO3,
leading to strong magnetic proximity effects.12 These results
are different from those obtained for the FM/FM type bilayers,
for which interlayer coupling does not affect the spin texture
within each layer though sometimes it causes an AFM ordering

of the two neighboring FM layers as in the LSMO/SRO super-
lattices8 and bilayers.9

Herein we are interested in the SLs composed of LaCoO3

(LCO) and LMO. LCO is attractive for its sensitivity to external
perturbations, due to the strong competition between Hund’s
rule coupling and crystal field splitting. As is well documented
in the literature, bulk LCO is nonmagnetic at low tempera-
tures, i.e., the Co3+ ions are in the low spin (LS) state with zero
magnetic moment (t2g

6, S = 0). However, when the temperature
is increased to above 110 K, LCO gradually evolves into a PM
state: thermal excitation has driven the LS Co3+ ions to an
intermediate spin (IS) state with nonzero magnetic moment
(t2g

5eg
1, S = 1).14,15 The spin state can also be tuned by lattice

strains:16 parts of the LS Co3+ ions were pushed into the high
spin (HS) state (t2g

5eg
1, S = 2) by tensile strain, forming a long

range FM order mediated by the superexchange.17 Physical18

and chemical19 pressure, even photoexcitation20 also have
strong effects on the spin state. Different from LCO, LMO stays
in an A-type AFM ground state when it is orthorhombic21 or a
FM state when it is tetrahedral. Tetrahedral structural distor-
tion has depressed the cooperative Jahn–Teller distortion,
favoring the FM order.22,23 Notably, both LCO and LMO are
insulators, and their magnetism arises mainly from super-
exchange. This is different from the LSMO/SRO SLs. As is well
known, LSMO and SRO are metallic perovskites for which elec-
trical conduction is required to generate the double exchange
(for LSMO) or itinerant FM exchange (for SRO). Here we report
on the discovery of an AFM LMO/LCO interlayer coupling and
its effect on the spin texture for the (LMO/LCO)5 SLs. Due to
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the simultaneous occurrence of AFM interlayer coupling and
associated lattice modulation, the LCO layer in SLs exhibits a
long-range magnetic order with significantly reduced magneti-
zation. As suggested by the calculation of density functional
theory, spatial spin oscillation may take place within the LCO
layer. The present work opens an approach towards spin struc-
ture engineering for complex oxides.

2. Experimental

SLs with alternatively stacked LMO and LCO layers were grown
on (001)-orientated La0.3Sr0.7Al0.65Ta0.35O3 (LSAT) and SrTiO3

(STO) substrates (3 × 5 × 0.5 mm3) by the pulsed laser ablation
technique at the substrate temperature of 720 °C and the oxygen
atmosphere of 30 Pa. The adopted laser fluence was 2 J cm−2

and the repetition rate was 1 Hz (KrF excimer laser, 248 nm).
To calibrate the deposition rate, we first prepared LMO
and LCO films with a thickness of about 20–30 nm, and then
determined the actual film thickness by small angle X-ray
reflectivity (ESI, Fig. S1†). In this way, two relationships
between layer thickness and pulse number were established
for LCO and LMO, respectively. Based on these relationships,
the nominal layer thickness of the SLs can be determined via
tuning the pulse number. All SL samples were prepared in the
same batch to obtain perfect regularity.

Fixing the layer thickness of LCO to ∼11 unit cells (uc) and
varying the LMO layer from ∼4 uc to ∼24 uc and vice versa, two
series of SLs with the stacking periodicity of 5 were obtained.
To explore the effect of thick/thick layer combination, two
more SLs of 16/16 uc (LMO/LCO) and 24/24 uc (LMO/LCO)
were also prepared. Hereafter, the SLs will be denoted as LMO
(t1)/LCO(t2), where t1 and t2 are layer thicknesses in the unit of
unit cell. For all of the SLs, the bottom and top layers are LCO
and LMO, respectively.

To determine the actual layer thickness of the SLs, we per-
formed a systematic analysis of the high-angle annular dark
field (HAADF) images for a series of SL samples on STO with
the nominal LCO layer thickness of 2.1, 4.2, 8.4, and 12.6 nm
and a fixed LMO layer of 5.7 nm. Through directly counting
the uc numbers of the LMO and LCO layers, we established a
conversion relationship between nominal and actual layer
thickness (ESI, Fig. S2†). The actual layer thickness is slightly
thinner than the nominal one. All of the layer thicknesses pre-
sented here were actual thicknesses. The layer thickness thus
obtained suffered from an uncertainty of ±1 uc due to the
slight overlap of the energy-dispersive X-ray spectroscopy
(EDX) images of Mn and Co at the LMO/LCO interface (not
shown).

The surface morphology of the SLs was measured by using
an atomic force microscope (AFM, SPI 3800N, Seiko). The
crystal structure of the films was determined by using a
Bruker diffractometer (D8 Discover, Cu Kα radiation). Lattice
images were recorded by using a high-resolution aberration-
corrected scanning transmission electron microscope with
double CS correctors for the condenser lens and objective lens

(STEM, JEM-ARM200F). Magnetic measurements were con-
ducted in the temperature interval from 5 K to 300 K by
using a Quantum Designed Vibrating Sample Magnetometer
(VSM-SQUID) with in-plane magnetic fields.

3. Results and discussion

The inset images in Fig. 1a and b present the typical surface
morphologies of [LMO(11)/LCO(8)]5/STO and [LMO(11)/LCO
(8)]5/LSAT, respectively. Terrace-featured topography indicates
a two-dimensional growth for the film above STO. The root
mean square roughness is ∼0.2 nm, irrespective of the layer
thickness. Although an island-like growth mode is observed
for the SLs on LSAT, the film surface is still rather flat, and the
root mean square roughness varies between ∼0.2 nm and
∼0.8 nm, enhancing with layer thickness. The slightly
increased surface roughness may be ascribed to the large
lattice mismatch between LMO and LSAT (3.91 Å versus
3.86 Å).

The main panel of Fig. 1a shows a HAADF image of the
cross section of [LMO(11)/LCO(8)]5/STO, here the brighter
atomic columns correspond to La and the fainter columns
correspond to Mn or Co. SLs exhibit a coherent growth on the
substrate. Fascinatingly, parallel dark stripes are formed in a
lattice image, appearing in every other column in parallel to
the interface. A quantitative analysis indicates that the La–La
space is 4.26 Å in a dark stripe and 3.28 Å elsewhere, and the
average La–La distance is 3.77 Å. Because of the similar atomic
number of Mn and Co, the LMO–LCO interface is not clear.
EDX analysis shows that the atomic layers with parallel dark
stripes are LCO (not shown). This is a usual result since the
single LCO layer on STO prefers perpendicular stripes due to
in-plane tensile strains as reported by different groups.24,25

Notably, parallel dark stripes are a general feature of the lattice
image of the LMO/LCO SLs, observed in the SLs not only on
STO but also on LSAT as long as the LCO layer is thick enough
(t2 ≥ 8 uc) (Fig. 1b). Possibly, for SLs the elastic energy associ-
ated with lattice strains is no longer the only driving force for
structural modulation, and the magnetic energy gained from
the LMO–LCO interlayer coupling, the occurrence of which
will be shown later, may be also at play, stabilizing the IS/HS
state of the Co3+ ions along the LCO–LMO interface. This ana-
lysis is consistent with the observation that the first row in
proximity of LMO is usually a dark stripe (not shown).

In Fig. 2a we show the X-ray diffraction (XRD) patterns of
[LMO(11)/LCO(24)]5/LSAT. Besides the main (002) reflection,
satellite peaks corresponding to the SL structure (marked by
above numbers) and the finite-size oscillations due to finite
layer thickness (marked by triangles) can be clearly seen, sig-
naling a high quality of the specimen. Similar XRD spectra
with slightly different details are obtained for other SL
samples (ESI, Fig. S3†). As a representative, the out-of-plane
lattice constant of LMO(11)/LCO(t2) is shown in Fig. 2b, as a
function of layer thickness of LCO. It exhibits a monotonic
decrease with t2, which is reasonable noting the small lattice
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constant of LCO compared with LMO (3.82 Å (ref. 26) versus
3.91 Å (ref. 27)).

Based on a simple formula

c ¼ t1
t1 þ t2

cLMO þ t2
t1 þ t2

cLCO;

the experimental relationship can be well reproduced with
appropriate cLMO and cLCO, the lattice parameters of the LMO
and LCO layers, respectively. The solid curves in Fig. 2b show
the results of data fitting with the parameters marked beside
each curve (cLMO, cLCO). Compared with the bulk value, the
lattice constant of the LCO layer is considerably small,
∼3.779 Å on LSAT and ∼3.745 Å on STO, manifesting tensile
strains within the layer. In contrast, the LMO layer is slightly
compressive, as indicated by enlarged c-axis lattice constants.

To get further information on lattice strains, the reciprocal
space mapping (RSM) of the (1̄03) reflection was measured.
Fig. 2c exemplifies the RSM of [LMO(11)/LCO(24)]5/LSAT. A
remarkable feature is the vertical alignment for the reflections
of the SLs and the substrate. It means that the SLs share the
same in-plane lattice constant with a substrate. Although the
SLs are as thick as ∼70 nm, there are no visible lattice relax-
ations. This conclusion is also true for the SLs grown on STO
(ESI, Fig. S3†). From the deduced lattice constants, the cell
volumes of the SLs can be calculated. They are ∼57.4 Å3 and
∼58.1 Å3 for the LMO(11)/LCO(24) SLs on LSAT and STO,
respectively. From LSAT to STO, cell volume is expanded by
∼1.2%.

Fig. 3a displays the temperature-dependent magnetization
(M–T relation) of [LMO(11)/LCO(t2)]5/STO, measured with an

Fig. 1 High-angle annular dark field (HAADF) images of the cross sections of [LMO(11)/LCO(8)]5/STO (a) and [LMO(11)/LCO(8)]5/LSAT (b). Brighter
and fainter atomic columns correspond to La and Mn or Co, respectively. Atomic layers with parallel dark stripes are LCO. Inset images in (a) and (b)
are the surface morphologies of the corresponding samples (1 × 1 μm2), measured by using an atomic force microscope.

Fig. 2 (a) X-ray diffraction patterns of [LMO(11)/LCO(24)]5/LSAT. Satellite
peaks corresponding to the superlattice structure (marked by numbers)
and finite-size oscillations arising from finite film thickness (marked by red
triangles) can be clearly seen. (b) Out-of-plane lattice constant of [LMO(11)/
LCO(t2)]5, as a function of the layer thickness of LCO. (c) Reciprocal space
mapping (RSM) of the (−103) reflection of [LMO(11)/LCO(24)]5/LSAT. The
vertical alignment for the reflections of the SL and the substrate indicates
that the SL shares the same in-plane lattice constant with the substrate.
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in-plane field of 0.05 T. Here the difference of the two M–T
curves measured by the field-cooling (FC) and zero-field-
cooling (ZFC) modes can be ascribed to magnetic inhomo-
geneity of the LCO layer. A behavior similar to that of LMO was
observed when LCO is thin, showing a typical FM transition at
∼175 K. When the LCO layer exceeds 16 uc, a second magnetic
transition emerges around ∼75 K. Unexpectedly, this later
phase transition causes a sizable decrease, rather than
increase, in magnetization. This feature is especially obvious
in LMO(11)/LCO(24), for which a direct estimation gives a mag-
netic reduction of ∼28% (marked by hatched area). This AFM
transition-like behavior is also observed when applying an out-
of-plane field, indicating that it is not spin reorientation (ESI,
Fig. S4†). As will be seen later, this is indicative of an antiparal-
lel alignment of the magnetic moments of LCO and LMO.

By fixing the LCO layer to 11 uc while varying the LMO layer
thickness, the evolution of these two-phase transitions can be
captured. As illustrated in Fig. 3b, two inflections at ∼75 K and
∼175 K, respectively, are visible in the M–T curve when the
layer thickness of LMO is 4 uc, signaling the appearance of

magnetic anomalies. When the LMO layer thickness is
increased from 4 uc to 8 uc, these two anomalies develop into
two clear phase transitions. Further increasing the LMO layer
up to 16 uc, the low temperature phase transition disappears.
Notably, similar behaviors are also observed in the SLs on
LSAT (ESI, Fig. S5†), though the lattice strains there are slightly
small (the lattice constant is 3.905 Å for STO and 3.860 Å for
LSAT). In fact, we also studied the SLs above LaAlO3, which
show compressive strains, and observed essentially the same
behaviors as those of the former two kinds of SLs (ESI,
Fig. S6†).

Comparing the LMO/LCO SLs with their single layer
counterparts, we can get further information on phase tran-
sition. As shown in Fig. 3c, the two magnetic transitions of the
SLs coincide well with those of the two single layers. If the two
layers of the SLs keep their single layer properties, the first
magnetic transition in SLs can be ascribed to LMO: since LMO
has a higher Curie temperature than LCO, its spins will order
earlier along the external field when cooled. To explain the
magnetic reduction at the second transition, however, a spin

Fig. 3 (a) Temperature dependence of the magnetization of [LMO(11)/LCO(t2)]5/STO, measured under an applied field of 0.05 T. Only one PM-FM
transition is observed at 175 K when t2 ≤ 8 uc, and two phase transitions are seen at ∼75 K and ∼175 K, respectively, when t2 exceeds 16 uc. ZFC and
FC represent zero-field-cooling and field-cooling, respectively. Orange triangles mark the temperature for magnetic transitions. (b) Temperature
dependence of the magnetization of [LMO(t1)/LCO(11)]5/STO, recorded under a field of 0.05 T. Orange triangles mark the temperature for magnetic
transitions. (c) A comparison of the magnetic behaviors of the SLs and the corresponding single layers, measured under a field of 0.05 T. (d) A phase
diagram on the t1–t2 plane. Symbols here represent the thicknesses of the LMO and LCO layers in SLs. Two kinds of symbols mark two different
magnetic couplings. Grey arrow denotes the unclear spin state of the LCO layer.
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alignment against the magnetic field has to be assumed for
LCO. This will happen only when there is an AFM coupling
between LMO and LCO.

To get a clear picture on the spin structure, in Fig. 3d we
show a phase diagram on the t1–t2 plane. Symbols here corres-
pond to the thicknesses of the LMO and LCO layers in SLs.
Different phases are marked by different backgrounds. At first
glance, an antiparallel spin alignment occurs only in the SLs
with relatively thick LCO layers. t2 = 11 uc is the threshold layer
thickness for LCO, below which the magnetic signals of LCO
are unidentifiable. The disappearance of the low temperature
phase transition in LMO(16)/LCO(11) and LMO(24)/LCO(11)
remains unclear at present. Possibly, the signals from the LCO
layer which is obviously low are overwhelmed by those of LMO
when LMO is thick.

If the spin direction of LCO is antiparallel to an external
field, a spin flip is expected under a high enough applied field.
This process is indeed observed. Fig. 4a shows the tempera-
ture-dependent magnetization of [LMO(11)/LCO(16)]5/STO,
measured under different fields in field-cooling mode.
Remarkably, the magnetic change at ∼75 K undergoes a sys-
tematic variation with an applied field, gradually reversing
from decrease to increase as the magnetic field grows. A field-

induced spin flip is also observed in the SLs on LSAT (ESI,
Fig. S6†). These results provide direct evidence for an AFM
coupling between LMO and LCO. Simply extrapolating the
high temperature part of the M–T curve (>75 K) down to 10 K,
the magnetization of the LMO layer can be estimated (solid
red symbols in Fig. 4b). For an applied field of 1 T which is
nearly the saturation field for our SLs, it is close to the value of
the corresponding single layer. From the difference of the
measured and extrapolated values, the contribution of the
LCO layer can be deduced. It is ∼0.20μB/Co for LMO(8)/
LCO(11), ∼0.24μB/Co for LMO(11)/LCO(16), and ∼0.28μB/Co for
LMO(11)/LCO(24) at 10 K (solid olive symbols in Fig. 4b). Two
series of single layers, LMO and LCO, respectively, are also pre-
pared, and their magnetizations at 10 K are measured as func-
tions of applied fields (ESI, Fig. S7†). For comparison, the satu-
ration magnetizations of the LMO and LCO single layers are
also shown in Fig. 4b. The magnetization of the LMO layer in
SLs is close to that of its single layer counterpart whereas,
unexpectedly, the LCO layer in SLs is significantly lower than
the LCO single layer in magnetization (green line in Fig. 4b).
This phenomenon cannot be ascribed to the effect of interlayer
atomic diffusion. As revealed by the electron-energy-loss spec-
troscopy analysis, the thickness of this interfacial layer is in
the order of ∼1 nm (not shown). Considering the fact that each
LCO layer is sandwiched between two LMO layers, the total
thickness of the interfacial layer will be ∼2 nm. Even if the
interfacial layer yields null magnetic signals, the magnetiza-
tion will be (t2 − 2)/t2 × MμB/Co, where M is the magnetization
of the LCO single layer. As shown by the olive line in Fig. 4b, it
is still significantly greater than the experimental values
especially for the SLs with thick LCO layers. This result reveals
the difference of the LCO in SLs form its single layer
counterpart.

Since thick LCO layers have large magnetic moments, their
spin direction should be more easily reversed by a magnetic
field. As shown in Fig. 4c, as t2 grows from 11 uc to 24 uc, the
threshold field for spin flip (HST), defined by the field where
the magnetization reduction begins to reverse, decreases
monotonically from ∼0.50 T to ∼0.18 T. Based on a simple
formula J = HSTM/n, we can calculate the interlayer coupling
energy from the data in Fig. 4b, and it is found to vary between
+0.05 and +0.06 erg cm−2 (Fig. 4d), where J is the exchange
coupling energy, n = 9 is the interface number of the SLs, and
M is the magnetization of the LCO layer. Here the positive sign
specifies the AFM nature of interlayer coupling. Notably, this
exchange energy is in the same order as that of metallic multi-
layers, for which the AFM coupling is generated by the
Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction.29

In general, the interlayer coupling will manifest itself as an
exchange bias that affects the magnetizing process of the SLs.
In Fig. 5a we show the field dependence of the magnetization
of [LMO(24)/LCO(24)]5/LSAT, recorded at 10 K with in-plane
fields. A wasp-waisted magnetization curve is obtained (thick
solid line). The thin elongated wasp-waist is ascribed to LMO
while the other two bellies to LCO. This is clear after decom-
posing the complex magnetic loop into two simple loops (olive

Fig. 4 (a) Thermomagnetic curves of [LMO(11)/LCO(16)]5/STO,
measured under different applied fields in field-cooling mode. (b)
Saturation magnetization of the LMO and LCO layers in the SLs (solid
symbols), deduced from the M–T curves obtained under a field of
1 T. Empty red and green symbols represent the results of the LMO and
LCO single layers, respectively; dark green curve is the magnetization of
the LCO single layer after subtracting a 2 nm thick interfacial layer. (c)
Threshold field for magnetization reversion as a function of the layer
thickness of LCO. Different colors mark the results for the SLs on
different substrates. Solid line is a guide for the eye. (d) Exchange coup-
ling energy as a function of the layer thickness of LCO. Different colors
mark the results for the SLs on different substrates. Solid line is a guide
to the eye.
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and orange thin curves). Fig. 5b and its inset plot show the
minor loop, recorded by saturating the sample under a field of
+3 T and then cycling along the paths of +0.25 T → −0.25 T →
+0.25 T. As denoted by a red cross mark, the center of the
minor loop deviates from the origin by a field of ∼0.04 T. This
result indicates a positive exchange bias, confirming the AFM
nature of the interlayer coupling.

As is well established, Mn3+ in LMO is a high spin ion, with
three t2g electrons and one eg electron. Different from Mn3+,
Co3+ is a LS ion in unstrained LCO or partially a high spin ion
in tensile LCO film. The occurrence of interlayer coupling
implies that at least parts of Co3+ ions in the SLs are in a HS or
IS state, forming magnetic exchange with adjacent Mn ions.

AFM interlayer coupling has been reported for the LSMO/
SRO SLs8 and bilayers.9 For the LSMO/SRO structure electronic
transport is a prerequisite for establishing a FM order and
thus an AFM interlayer coupling since the magnetic inter-
action is double exchange (for LSMO) or itinerant ferro-
magnetic exchange (for SRO). In contrast, both LMO and LCO
are insulators, and their magnetism mainly stems from super-
exchange. This is the main difference between LMO/LCO and
LSMO/SRO. Our work reveals that an AFM interlayer coupling
can also occur between insulating perovskites, thus extending
the spin engineering to the perovskites beyond itinerant FM
oxides.

In addition to AFM interlayer coupling, so far we have
observed phenomena that are unique for LCO-based SLs, i.e.,
interface-induced parallel lattice modulation and substantially
reduced magnetization. In the LCO layer of our SLs, dark
stripes are parallel to the interface, and appear every two
columns rather than every three columns as in a single
layer.24,25 This implies a high instead of a low magnetic
moment since magnetization will grow in proportion to the
density of dark stripes according to the work of Lan et al.28 As

discussed above, the low magnetization of the LCO layer in SLs
cannot be simply ascribed to reduced interfacial magnetism. It
could be an indication of the occurrence of a complex spin
texture in the LCO layer. At first, the spin structure could be
canted or spiral if strongly competing mechanisms coexist,
exhibiting a reduction in net magnetization. Also, an antiparal-
lel alignment of magnetic moments is possible for the Co3+

ions in neighboring dark stripes, leading to a magnetic counter-
action. Since the LCO layer is sandwiched between two parallel
LCO–LMO interfaces, within which any long-range magnetic
order must satisfy a boundary condition, i.e., AFM interlayer
coupling. Additionally, a charge transfer from Mn3+ to
Co3+ could take place, modifying not only ion valence but also
orbital population. These boundary effects may extend well
into the inner part of the LCO layer, resulting in a unusual
spin texture.

To obtain a deep insight into the spin structure of the
LMO/LCO SLs, we performed ab initio calculations on the mag-
netic structure of [LMO(4 uc)/LCO(t2)]5/STO with t2 = 5 uc and
9 uc within the framework of density functional theory. The
spin state of Co3+ may be sensitive to both lattice strain and
interlayer coupling because of its comparable Hund’s rule
coupling and crystal field splitting. The effect of lattice strains
has been well established for the LCO layer, whereas the effect
of interlayer coupling remains elusive. Considering the fact
that the interlayer coupling could be strong only within a dis-
tance of several monolayers from the interface (for manganite
heterostructures, for example, the effect of oxygen octahedral
coupling is significant within ∼7 uc from the interface30), we
set the layer thickness of LCO to 9 uc which is thicker than
7 uc. We also adopted a model with a layer thickness of 5 uc
for comparison. Different from Co3+, the spin state of Mn3+ is
much more stable, insensitive to interlayer coupling. To save
computation time, we set the layer thickness of LMO to 4 uc.

The projector augmented plane-wave (PAW) pseudo-poten-
tials were used, as implemented in the Vienna ab initio
Simulation Package (VASP). To reliably describe exchange and
correlation interactions, the generalized gradient approxi-
mation GGA+U method was employed, adopting the effective
Hubbard parameter of Ueff = 3.9 eV for Co in LCO17,31 and Ueff

= 3.0 eV for Mn in LMO.32 The in-plane lattice constant was set
to that of STO (SLs share the same in-plane lattice parameter
with the substrate as is evidenced by RSM images), and the
out-of-plane lattice constants of LMO and LCO were deduced
from the XRD and STEM data. The out-of-plane La–La bond
length is 4.26 Å in dark stripes and 3.28 Å elsewhere for the
LCO layer and 3.94 Å for the LMO layer. The superstructure
was so built that the dark stripe forms every two rows, and the
first dark stripe appears in the row in proximity of the LMO
layer as revealed by the HAADF image. Through adjusting the
coordinates of the Mn, Co, and O atoms while fixing the
atomic position of La, we obtained a stable crystal structure
with a minimal total energy. For the SLs, thus obtained elec-
tronic and magnetic structures were calculated.

The superstructure for the density functional theory calcu-
lations is shown in Fig. 6a. Fig. 6b presents the projected

Fig. 5 (a) Field dependence of the magnetization of [LMO(24)/LCO
(24)]5/LSAT, recorded at 10 K with in-plane fields (thick curve). It can be
decomposed into two independent loops associated with LMO and
LCO, respectively (thin solid curves). (b) A comparison of the main mag-
netic loop and the minor loop that is obtained by saturating the sample
under a field of +3 T and then a cycling magnetic field along the path of
+0.25 T → −0.25 T → +0.25 T. Inset plot: a close view of the minor loop.
Red cross here marks the center of the minor loop.
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density of states for the 3d orbitals at the Co3+ site of the fifth
and ninth CoO2 monolayers. The former is the nearest neigh-
bor of LMO and the latter is at the middle location of the LCO
layer. At first glance, the spin state of Co3+ strongly depends on
the distance from the interface. The most populated state is
the spin down state at the interface and the spin up state in
the middle of the LCO layer. To get a clear picture of the mag-
netic structure, in Fig. 6c we show the spatial distribution of
magnetic moments. The magnetic moments of the Mn ions
form a simple FM order, with an average magnitude of
∼3.61μB/Mn. This value is slightly smaller than the expected
∼4.00μB/Mn for Mn3+ but considerably larger than the
measured ∼2.33μB/Mn (Fig. 4b). The decreased magnetization
of Mn3+ could be ascribed to interfacial effects, defects or off-
stoichiometry of the LMO layer that have been ignored by the
present calculation. In contrast, the spin structure of the LCO
layer is much more complex. The Co ion in the column neigh-
boring the LMO exhibits a magnetic moment of about
−2.31μB/Co, antiparallel to that of Mn. As the distance from
the interface increases, fascinatingly, the magnetic moments
oscillate in both magnitude and direction, forming a wave-like
spin texture. The maximal magnetic moment is about +2.97μB/
Co, gained by the Co ion in the middle CoO2 column of the
LCO layer. The net magnetic moment is about −0.46μB/Co,

aligning against that of Mn ions. This is in fairly good agree-
ment with experimental results (−0.28μB/Co). Notably, sizable
magnetic moments always appear in the CoO2 columns in
dark stripes (marked by light green strips in Fig. 6c), which is
consistent with the reported results that the HS/IS Co ions
locate along the dark stripes.24,25,28 For comparison, we also
calculated the spin structure for a model without structural
modulation, and found that the magnetic moment is the
highest at the interface and decays rapidly away from the inter-
face, without any signatures of oscillation. The net magnetic
moment is about −0.78μB/Co, substantially larger than the
experimental value. In the case of LMO(4 uc)/LCO(5 uc), we
also obtained an AFM interlayer coupling though the magnetic
oscillation is not as strong as that observed for LMO(4 uc)/LCO
(9 uc) (not shown). In addition to the AFM order, these results
support the spin texture characterized by antiparallel aligned
rather than the canted or spiral spin structure, demonstrating
the distinct effect of interlayer coupling.

LCO is featured by its spin state transition, and sometimes
different spin state Co ions coexist in cobalt oxides, resulting
in different exchange processes such as the double exchange
between an IS Co3+ and a HS Co4+ as for La0.7Sr0.3CoO3

33 and
the superexchange between two HS Co3+, with the help of an
intermediate LS Co3+ as for tensile LCO films.17 Quantitative

Fig. 6 (a) Superstructure for density functional theory calculations for the LMO(4 uc)/LCO(9 uc) SL. Two types of La–La bond lengths have been
adopted in the LCO layer to simulate structure modulation. The underneath line segments schematically show the two La–La bond lengths. (b)
Projected density of states for 3d orbitals at a Co3+ site of the fifth and ninth monolayers in the LCO layer of the SL. Dashed line marks the Fermi
energy. Positive and negative densities of states represent the spin up and spin down states, respectively. (c) Calculated local magnetic moments as
functions of the coordinates of Mn or Co. Green and grey backgrounds mark the LCO layer in the SLs (green: dark stripes). Labels in the figure
denote the numbers of the CoO2 columns.
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analysis showed that the energies of the IS and HS states at
0 K are 22.5 meV and 124.6 meV, respectively, above that of the
LS state.18 This difference may be further reduced by coopera-
tive structural distortions in these two spin states. As a conse-
quence, the spin state of Co ions is very sensitive to external
stimuli. This has been confirmed by thermal energy-induced
or lattice strain-induced spin state transition. In addition to
structural deformation, the magnetic exchange between the Co
and Mn ions may also provide energy affecting the delicate
balance between Hund coupling and crystal field splitting in
LCO, stabilizing the HS or IS state. As reported, the exchange
energy can be as high as ∼18.3 meV for the transition metal
oxides such as NiO.34 This may explain why the first dark
stripe usually forms along the LMO–LCO interface. As shown
by the above theory calculations, Co ions in dark stripes have
finite magnetic moments.

Compared with the FM/FM SLs, for which the magnetic struc-
ture in each layer remains simply FM since the magnetic
exchange within each layer is robust, the wave-like spin structure
in the LCO-based SLs is particularly interesting. This kind of
spin structure will allow us to explore the hidden aspects of mag-
netic SLs. At first, the excitation and propagation of spin waves in
this kind of SL could be considerably different from the conven-
tional magnetic materials because of the distinct spatial spin
oscillation. Second, the spin texture is sensitive to an external
field, undergoing a switching between different states. As a
result, the transport behavior of spin current and the efficiency
of spin-to-charge conversion could be feasibly tunable.

3. Summary

Interlayer coupling and its effect on LCO in the LMO/LCO
superlattices, which is featured by a tunable spin state, have
been systematically studied. The LCO layer is found to show
not only a long range magnetic order with usually low magne-
tization, which suggests a complex spin structure in this layer,
but also an AFM coupling with a LMO layer. Moreover, the
AFM spin alignment is subject to the modification of a mag-
netic field, transiting into a parallel arrangement above the
fields of 0.5 T. Density functional theory calculation shows a
spatial oscillation of magnetic moment within the LCO layer,
resulting in a net magnetic moment that is antiparallel to that
of the LMO layer. The present work shows the possibility of
tuning a spin texture through interfacial engineering for the
complex oxides whose spin state is jointly determined by
strongly competing mechanisms.
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