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ABSTRACT
Realizing atomically flat interfaces between the ultrathin perovskite oxides is a challenging task, which usually possess different chemical
environments, depending on the terminating lattice planes. Hence, tuning the interfaces across the heterostructures for desired electrical and
magnetic properties is a powerful approach in oxide electronics. Focusing on these aspects, in the present work we employ a novel strategy of
engineering the interfaces through the layer stacking sequence and degree of strain to probe the changes occurring in the local atomic envi-
ronment at the interfaces, magnetic behaviour, and electronic properties of ferromagnetic bilayers La0.7Sr0.3MnO3 (LSMO)/LaCoO3 (LCO)
grown by the pulsed laser deposition technique. The biaxial tensile strain experienced by these layers drives the ferromagnetic (FM) order-
ing temperatures to lower values as compared to their bulk counterparts. Interestingly, the bilayer sequence LCO (15 nm)/LSMO (5 nm)
(BL2) exhibits large magnetocrystalline anisotropy (Ku ≈ 4.7 ×104 erg/cc) and weak anti-FM coupling across the interface of the two FM
constituents, resulting in a partial compensation in the magnetic moment of the system within a specific temperature window (ΔT = 184
− 82 K). However, for T ≤ 82 K, the FM superexchange interaction between the trivalent Co high-spin and low-spin states dominates the
overall magnetic ordering in BL2. The magnetodynamic features probed by the frequency dependent FM resonance (FMR) on this system
yield the gyromagnetic ratio (γ/2π ∼ 29.22 GHz/T), demagnetization fields (4πMeff ∼ 3770 Oe), and effective damping constant (αeff ∼ 0.0143)
for the BL2 configuration. Moreover, the strength of the nearest-neighbor exchange interaction Jeff in the BL2 configuration exhibits linear
falloff with the increasing LCO layer thickness (2 nm ≤ tLCO ≤ 18 nm). This scenario is also consistent with the variation of the effective number
of spins available per unit volume [10 cm−3

≤ NV(×1022
) ≤ 2 cm−3] with increasing tLCO. As tLCO approaches negligibly small values (<2 nm),

the magnitude of Jeff /kB reaches its maximum ∼ 5.47 K (for LCO) and 21.93 K (for LSMO), which is in good agreement with Jeff /kB ∼ 5 ± 2 K
(20 ± 2 K) for highly epitaxial LCO (LSMO) single layers. These results demonstrate that the layer sequence control of magnetic coupling
across the interfaces opens a constructive approach for exploring the novel electronic devices.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0071572

I. INTRODUCTION

In the present work, we consider the bilayer (BL) heterostruc-
tures of ferromagnetic (FM) lanthanum manganite [La0.7Sr0.3MnO3
(LSMO)] and lanthanum cobaltate [LaCoO3 (LCO)] where their
functionalities are tuned by interchanging the stacking layers. Here,

both the ferromagnetic constituents (LSMO and LCO) exhibit per-
ovskite crystal structures, and they obey the typical requirements
of epitaxial growth of 2D heterostructures.1–5 In addition, the need
for 2D ferromagnetic layers with 100% spin polarization of carriers
(half-metallic) is very much needed to develop sophisticated spin-
tronic devices involving the magnetic junctions in which one can
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manipulate the functionalities using both the charge and spin of the
layers.6–16 Our main motivation in choosing the LSMO layer is that it
exhibits tunable metal-to-insulator phase transition due to the band
filling, large negative magnetoresistance (MR) across the Curie tem-
perature (TC), and induced planar uniaxial anisotropy with a mod-
erate anisotropy field (≈100–500 Oe) grown on the variety of sub-
strates at room temperature.11,17–28 Multilayers of manganites and
cobaltites exhibit recorded magnitudes of MR in which the stack-
ing order of layers plays a major role in the spin polarization of the
electrons.29–31 On the other hand, depending on the ambient pres-
sure, substrate induced strain, and heat-treatment conditions during
the synthesis stage, LCO exhibits unusual electronic and magnetic
properties. Otherwise, LCO is a non-magnetic semiconductor with
a low-spin Co3+(d6) ground state configuration t6

2ge0
g .32 Neverthe-

less, LCO gained significant scientific attention in the recent past
due to its FM characteristics with TC ≈ 85 K.32 Such FM behavior
arises because of the strain driven suppression of the Jahn–Teller
distortion with the altered ground state spin configuration (t5

2ge1
g ,

S = 1 and t4
2ge2

g , S = 2) of trivalent Co between different ranges
of temperatures.17 Density-functional theory (DFT) studies by
Kushima et al. reported that the lattice strain influences the oxygen-
vacancy formation and oxygen adsorption, which, in turn, medi-
ates the magneto-elastic and elastoplastic effects in LCO.33 These
authors proposed that the elastic stretching of the Co–O bond
alters the band structure and local relaxations in high strain
states create stronger Co–O bonds, trapping the lattice oxygen,
which, in turn, plays a major role in the spin configuration from
S = 0 to either S = 1 or 2.33 In addition, the orientations [(100),
(110), and (111)] of the single crystal substrates, such as LaAlO3
(LAO) and SrTiO3 (STO), significantly influence the strain direc-
tions of the CoO6 octahedron and mean bond length of Co–O
in LCO.34 This overall process changes the crystal field split-
ting and binding energies of Co3+ and Co–O, respectively, and
shrinks the energy bandgap of 2D thin-film nanostructures of
LCO.34 Similarly, the significant enhancement of saturation mag-
netization (MS) [varying from 0.26 μB (TC ∼ 40 K) to 0.8 μB (TC
∼ 80 K) for LCO thickness changing from ∼1.5–9.45 nm] of LCO
has been reported when combined with STO in the form of multi-
layers comprising LCO/STO grown on the single crystal substrates,
such as Sr0.7La0.3Al0.65Ta0.35O3 (LSAT) and STO.35 However, in the
case of single layer LCO, the FM order vanishes below ∼6 nm.35

Recent studies based on DFT calculations by Wang et al. reported
that the substitution of larger elements, such as Ba (1.35 Å), at the La
(1.03 Å) site in LCO can efficiently introduce strain, prompting
the occupancy into eg orbitals modulating the spin configura-
tion.36 Interestingly, experimental studies based on the temperature-
dependent soft x-ray reflectivity measurements and DFT calcula-
tions by Izquierdo et al. reveal that the charge-disproportionation
in the single crystals of LCO can be induced by laser irradiation.28

Laser irradiation treatment also alters the metal to insulator
transition temperature in LCO.28 Moreover, the metallization pro-
cess can be established by laser irradiation, and the subsequent
optical transitions stabilize the metallic state in LCO single crys-
tals in which Co exists in the high-spin configuration.28 Nonethe-
less, neutron diffraction studies and superconducting quantum
interference device (SQUID) magnetometry experiments reveal a
crossover from strong to weak antiferromagnetic correlations across
40 K in the larger nanoparticles of LCO; otherwise, they show FM

behavior predominantly.37 The FM ordering in the LCO nanopar-
ticles depends on the amount of the secondary phase (Co3O4),
which prompts tensile strain on the LCO lattice.37 Additionally,
recent studies reveal that the energy conversion efficiency and oxy-
gen reduction/evolution reaction activity of LCO can be enhanced
by controlled charge transfer between a LCO thin film and an active
layer under the film.38 All these studies motivated us to investi-
gate the bilayer combination of LSMO and LCO in which one can
expect interesting magnetic behavior in the range of 350–360 K and
80–90 K in the vicinity of TC of LSMO and LCO, respectively.24–27

Since the mixed valency of the cations is very much essential to attain
unique magnetotransport properties and robust magnetic behavior
in the multilayer systems, in the present work, we bring both triva-
lent and tetravalent manganese (Mn3+/Mn4+) and trivalent cobalt
(Co3+) ions together in a single entity by considering the bilayer
configuration of LSMO and LCO systems with different stacking
orders.39

II. EXPERIMENTAL DETAILS
Two different bilayer (BL) configurations discussed below are

fabricated using a multitarget pulsed excimer laser (KrF; wavelength
λ = 248 nm and fixed fluence = 1.5 J/cm2) ablation technique on
(001) oriented STO single crystal substrates. First, the chamber is
evacuated to the lowest base pressure of 10−6 mbar and 5 nm LSMO
is grown on STO at a substrate temperature of 700 ○C (TS) in the
presence of 0.2 mbar oxygen partial pressure (PO2). On this LSMO
bottom layer, we deposited a 15 nm LCO top layer with (PO2)

= 0.4 mbar at the same TS. A similar procedure is adopted to grow
the bilayer configuration consisting of 15 nm LCO as the bottom
layer and 5 nm LSMO as the top layer on (001) STO at TS = 700 ○C
with PO2 = 0.4 and 0.2 mbar, respectively. After deposition, the
samples are annealed in oxygen at 600 mbar for 30 min. The evo-
lution of epitaxy in these bilayer systems and their structural quality
was probed using a Philips X’pert PRO MRD x-ray diffractometer
with Cu-Kα radiation of λ = 1.54 Å. The surface growth mecha-
nism, roughness, and morphology of the bilayer systems are studied
by means of an atomic force microscope (AFM) from INNOVA
Bruker in tapping mode. The electronic structure and chemical com-
position of the bilayer heterostructures were probed using x-ray
photo-electron spectroscopy (XPS). For this, we used a Kratos ana-
lytical spectrometer (model: AXIS Supra+) configured with a dual
monochromatic x-ray source Al Kα/Ag Lα (2984.2 eV) with a spa-
tial resolution less than 1 μm. Furthermore, a SQUID based mag-
netometer was used to study the temperature (10 K ≤T ≤ 375 K)
and field (0 Oe ≤H ≤ 10 kOe) dependence of magnetization M (T
and H). All the magnetization measurements are performed in the
in-plane configuration (H� [001]), and the experimentally obtained
magnetization values are normalized by the unit cell volume of
the total system. Consequently, the magnetization is expressed in
Bohr magneton (μB) per total number of pseudocubic unit cells.
The ferromagnetic resonance spectra were recorded using VersaLab
(Quantum Design) at 300 K.

III. RESULTS AND DISCUSSION
X-ray diffraction line scans (θ–2θ) reveal that all BLs grown

on the substrate are composed of high-quality single phase epitax-
ial thin films as shown in Fig. 1. The θ–2θ line scans are used to
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FIG. 1. (a) High-resolution θ–2θ x-ray scans around the (002) reflection of BL1 (blue) and BL2 (red) grown on SrTiO3 (001) substrates. The LSMO and LCO peak positions
are shown by arrow marks. The reciprocal space maps around the (103) reflection of (b) BL1 and (c) BL2. Both bilayers are coherently strained on the substrates. BL1 has
stronger satellites along the in-plane direction [white arrows in (b) and (c)] than the BL2 configuration, which corresponds to the ordering of striped domains with a periodicity
of 50 nm.

probe the out-of-plane orientation of bilayers from 15○ to 55○, which
results in the out-of-plane (c) lattice parameters of LSMO and LCO
as 3.86 and 3.79 Å, respectively, for both the bilayers [ICSD Nos.
LSMO (56 630), STO (23 076), and LCO (17 668)].40 The bulk pseu-
docubic lattice constants of LSMO (3.87 Å) and LCO (3.81 Å) are
lower than that of the STO substrate (3.905 Å). Such lattice para-
meters of LSMO and LCO induce an in-plane tensile strain in the
present bilayers. The lattice mismatch between the film and sub-
strate can be estimated through the following relation: (as − ab)/as,
where as and ab correspond to the pseudocubic lattice constant of
the substrate and bulk sample. The mismatch of STO/LSMO and
STO/LCO is found to be 0.9% and 2.4%, respectively. Moreover, the
in-plane strain triggered by the distortion of the film is calculated by
using the following relation: εxx = [−2ν/(1 − ν)]εzz , where εzz is the
out-of-plane strain and ν is Poisson’s ratio of the film. The in-plane
strain of the film is estimated as 0.2% and 0.62% for STO/LSMO
and STO/LCO, respectively. Here, we have considered the values of
εzz as −0.2% (−0.5%) and ν as 0.35 (0.38) for LSMO (LCO) samples.
Hence, a considerable in-plane tensile strain induced in STO/LCO is
found, which is larger than that of STO/LSMO, even though the lat-
tice mismatch between the LSMO and LCO layers is almost similar
in both the altered stacks of heterostructures. Furthermore, by con-
sidering in-plane and out-of-plane lattice parameters, the tetragonal
distortion of LCO is estimated from the relation t = 2(a − c)/(a + c)
is ∼0.03. All these results proclaim that the elastic deformation in
STO/LCO is due to the considerable change in the substrate induced
strain than STO/LSMO. On the other hand, the substrate-induced
strain is expected to carry forward to the remaining layers as well (as
the stacking sequence-developed strain) and influences the physical
properties of the overall system. Although the magnitude of strain
due to the stacking sequence is significantly less as compared to
the substrate induced strain, it does enforce some changes in the
anisotropic properties of the overall system.

High-resolution x-ray reciprocal space mapping (RSM) in the
vicinity of (103) reflection [Figs. 1(b) and 1(c)] shows that the
LSMO and LCO epitaxial layers of the BLs on STO are strained

coherently to the substrate lattice, i.e., the in-plane lattice parame-
ters of LSMO and LCO are the same with an in-plane parameter of
the substrate (3.905 Å). Thus, the coherently grown BLs of LSMO
and LCO are under tensile strain (+0.9% for LSMO and +2.4% for
LCO), referring to the bulk lattice parameters of 3.87 and 3.81 Å for
LSMO and LCO, respectively. Hence, these magnitudes of in-plane
and out-of-plane lattice parameters reveal that the strain state of
LSMO and LCO in the BL1 type sample is similar to that of the BL2
sample. In the RSM images, we also observed the side/lateral lobe
diffraction (satellite) peaks along the in-plane direction [marked by
arrows in Figs. 1(b) and 1(c)] in both BLs. The satellite peaks along
the in-plane direction indicate that the periodic arrangement of the
striped/barred domain along the in-plane direction with the lateral
periodicity of the domain is ∼50 nm. Such a periodic domain struc-
ture forms due to the competition between the elastic energy (as
LSMO and LCO layers are under tensile strain on the STO sub-
strate), the magnetostatic energy from the built-in magnetic field,
and the crystallographic anisotropy energy, which conspire together
to create the domains beyond a different layer sequence. The above
results unambiguously indicate that the interface between LSMO
and LCO is different in BL1 than in BL2. Hence, it is expected to
have different physical behaviors of the bilayers. Interestingly, the
periodic domain structure observed in BL1 is much more ordered
than in BL2, and hence, one can expect additional strain developed
as a consequence of the alteration of layer stacking sequences.

In order to understand the local atomic environment of the
bilayers, we performed detailed x-ray photoelectron spectroscopy
(XPS) measurements. Figures 2(a)–2(f) illustrate the typical XPS
spectrum in which the photoelectron intensity is plotted against the
core-level binding energy of all the cations in the investigated sys-
tem [BL1: La-4d (a), Sr-3d(b), Mn-2p (c) and (f), Co-2p (d), and
O-1s (e)]. Insets of the corresponding figures depict the spectra for
the BL2 system. All these core-level spectra of bilayer samples are
measured under the standard calibration of the C-1s core level at
284.6 eV. In order to identify the accurate peak position of the
core-level spectra for all these elements, we have analyzed the
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FIG. 2. X-ray photoelectron spectra of the bilayer systems: (a) La-4d (the inset shows the same for BL2), (b) Sr-3d (the inset shows the same for BL2), (c) Mn-2p for BL1,
(f) Mn-2p for BL2, (d) Co-2p (the inset shows the same for BL2), and (e) O-1s (the inset shows the same for BL2) recorded at room temperature.

measured core-level spectrum of each of the elements based on the
peak fitting procedure initially by considering the Shirley baseline
correction.41 The core-level spectrum of the La-4d orbital displays
two major peaks centered at 101.2 and 104.4 eV with the peak
separation of ΔE ∼ 3.2 eV.42,43

The doublet of 4d orbitals corresponds to 4d3/2 and 4d5/2 elec-
tronic states originating from the spin–orbit splitting (ΔEL). Need-
less to say that the identified peaks of 4d3/2 and 4d5/2 are almost
equally separated for both the bilayers. Moreover, the core level spec-
trum of the Sr-3d orbital reveals clear features of the doublet (like in
La-4d core level spectra) with high intensive cusps of 3d3/2 and 3d5/2
positioned at 132.1 and 133.8 eV, respectively. Here, the spectrum of
Sr-3d possesses a low intensive feature around 137.6 and 140.4 eV
shown in Fig. 2(b). In addition, the photoelectron spectra of the
Mn-2p core level shown in Figs. 2(c) and 2(f) possess two major
peaks attributed to 2p3/2 and 2p1/2 states located at 642.3 and
654.5 eV, respectively, with the separation of 12.2 eV (BL1).

The Mn-2p3/2 satellite hump (645.7 eV) represents the contri-
bution from the mixed (3+/4+) valence features at binding energies
of ∼640.2 and 642.2 eV.44 The location of these deconvoluted peaks
of the Mn-2p core level (640.1, 642.3, 650.3, and 654.5 eV) depends
strongly on the oxidation states of (Mn3+/Mn4+) and on the cova-
lence of the Mn–O bond.44 Nevertheless, we have evaluated the
dominant contribution of these two valences with the help of the
relative intensity ratio (RIR) of Mn3+/Mn4+; it is expected that such
a RIR of the two valence states modifies the relative electron hop-
ping in the LSMO layer when we alter the stacking pattern of both
the bilayers. The core-level spectra [Fig. 2(d)] of Co-2p resolved into

two peaks with the states of 2p3/2 and 2p1/2 where those two states
are to be found at 780.0 and 795.1 eV (with the binding energy sep-
aration of 15 eV for both the systems).45 Unlike in the valence states
of Mn ions, the valence states of Co ions are more complex due to
the concomitant three local spin arrangements in trivalent Co ions.
Thus, the electron transfer across the interface of the bilayers is more
difficult to identify with respect to the trivalent Co as they are influ-
enced by the crystal field of oxygen ions. This is well known from
the abundant literature available on the physical properties of the
LCOδ compound that exhibits higher oxygen deficiency (δ) than
the LSMO system.46 Finally, the core level spectra of O-1s [Fig. 2(e)]
exhibit two main peaks at 528.6 and 532.2 eV, signifying the lattice
oxygen and the hydroxyl group in which the deconvolution treat-
ment allows two main peaks in consonance with the above and
a minor hump. Nonetheless, the oxygen valence states are almost
identical in both the bilayers, and we can believe that any notice-
able change in the physical properties is not driven by the “δ” of
oxygen.

To understand the surface topology and the growth mecha-
nism, we performed the atomic force microscopic (AFM) measure-
ments. Figures 3(a) and 3(e) show the two-dimensional (2D) and
Figs. 3(b) and 3(f) the three-dimensional (3D) AFM surface mor-
phology images of BL1 and BL2 systems, which show uniform and
homogeneous grains with the striped-domain pattern prevalent in
both the systems on large scales [Figs. 3(g) and 3(h)]. Globally, the
line profile plots [Figs. 3(d) and 3(h)] reveal very low root mean
square (rms) roughnesses (939 pm and 1.23 nm) for both the systems
representing the high quality of the thin films.
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FIG. 3. Two-dimensional (2D) and three-dimensional (3D) atomic force microscopy (AFM) surface topology images of BL1 and BL2. The line profile plots of Bl1 and Bl2 are
shown in (c) and (g), respectively. (d) and (h) 2D images with the striped-domain pattern of AFM for BL1 and BL2, respectively.

In order to understand magnetization dynamics in the both BL
systems and to estimate the anisotropy, we measured the ferromag-
netic resonance (FMR) spectra at various frequencies (5–20 GHz)
of the bilayers at 300 K. Figures 4(a) and 4(b) show the first deriva-
tive of the FMR absorption signal (of intensity dP/dHDC) recorded
for 15 GHz by sweeping the dc-magnetic field (HDC) for BL-1 (a)
and BL-2 (b) systems. The recorded spectra were fitted using the
first derivative of Lorentzian symmetric and antisymmetric com-
ponents to estimate the corresponding parameters: resonance field
(HR) and peak-to-peak linewidth (ΔHPP) plotted as a function fre-
quency [Figs. 4(c) and 4(d)]. Here, the solid curve represents the
typical fit to the Lorentzian line shape consisting of both sym-
metric and antisymmetric contributions. We employed the below
microwave dispersion relation that describes the absorption spec-
trum linking both the magnetic field and frequency in the in-plane
configuration,47

fFMR = γ/2π
√

HR(HR +Heff ), (1)

where fFMR refers to the FMR frequency, γ is the gyromagnetic ratio,
HR is the resonant field, and Heff is the effective magnetic field
developed by the magnetic contribution of saturation magnetization
(4πMS) and anisotropy field (HK ). Accordingly, the FMR dispersion
data are fitted with the above equation and estimated the magni-
tude of Heff ∼ 3127 and 3770 Oe for BL1 and BL2, respectively. A
systematic correlation between Heff and 4πMS (=3103 Oe) and HK
is established using the relation Heff = 4πMs −HK , which yields the
magnitude of HK ∼ 2185 Oe (corresponding anisotropy constant KU
∼ 0.82 ×105 erg/cc) and 2326 Oe (KU ∼ 1.33 ×105 erg/cc) for BL1 and
BL2, respectively. These values are consistent with the anisotropy
parameters obtained from the magnetic hysteresis measurements,
which will be discussed below. Furthermore, from the fitting, the
gyromagnetic ratio γ/2π values are estimated as 29.48 GHz/T (29.22
GHz/T) for the respective bilayers BL1 (BL2). ΔHPP(f) and HR(f)

plots provide important information about the magneto-dynamic
properties, such as the magnitude of the damping parameter (α)
and inhomogeneous linewidth broadening (ΔH0), according to the
following expression:48,49

ΔHPP = 4πα f /γ + ΔH0. (2)

From the linear fits of the experimental data with Eq. (2), the magni-
tudes of the damping parameter and ΔH0 are estimated as α = 0.0141
(0.0143) and ΔH0 = 108.8 Oe (85.16 Oe) for BL1 (BL2), respec-
tively. These magnitudes are quite higher than the typical damping
parameter (2 × 10−3) for the LSMO layer of thickness ∼20 nm47 and
comparable with those of the LSMO/LNO heterostructure.50

Figures 5(a) and 5(b) show the temperature dependence of in-
plane (μ0H ∥ [100]) magnetization M(T) of the bilayers [(a) BL1 and
(b) BL2] measured under the field-cooled-warming (FCW) condi-
tion with H = 1 kOe from 10 to 383 K. The right-hand-side-scale in
Fig. 5 represents the temperature variation of the differential mag-
netization (dM/dT vs T). The BL1 system shows two distinct tran-
sitions: a paramagnetic to ferromagnetic transition (TC of LSMO)
first takes place at ≈320 K and a second TC around 77 K. In order to
obtain the exact transition temperatures, we calculated dM/dT and
plotted against T, which yields TC ≈ 310 and 77.23 K corresponding
to LSMO and LCO, respectively, for the BL1 system. The reduced
value of TC measured in these bilayers as compared to that mea-
sured in bulk LSMO (TC = 370 K) is due to the biaxial tensile strain
(0.75%) experienced by coherently grown LSMO films on STO (001)
and the finite-size/surface effect experienced by films of a few unit
cells in thickness.51,52 These figures clearly represent the dominant
ferromagnetic nature of LCO and LSMO in BL1 as compared to BL2
whose ordering temperatures are significantly lower by 5–10 K. Nev-
ertheless, at low temperatures, the BL2 configuration shows com-
pletely different magnetic characteristics in that a significant drop in
the magnetization [inset of Fig. 5(b)] is noticed below 184 K down
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FIG. 4. Room temperature FMR spectra recorded at 15 GHz for (a) BL1 and (b) BL2 along with the Lorentzian fit (solid line), frequency dependence of the linewidth (ΔHPP)

for (c) BL1 and (d) BL2, and resonance field (HR) dependence of the frequency at room temperature for (e) BL1 and (f) BL2.

FIG. 5. Temperature dependence of magnetization M(T) of the bilayers (a) BL1 and (b) BL2 measured under the field-cooled-warming (FCW) condition with H = 1 kOe from
T = 10–383 K. The right-hand-side-scale represents the corresponding temperature variation of the differential magnetization plots (dM/dT vs T). The inset in (b) shows the
enlarged view of M vs T of BL2 between T = 72 and 217 K, which clearly depicts the drop in magnetization until 72 K. (c) Magnetization vs field M(H) hysteresis loops of
both the bilayers BL1 and BL2 recorded at T = 10 K under the field (H@1 kOe) cooled condition.
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to 82 K, which provides the evidence for the weak antiferromagnetic
pinned state (+ve dM/dT) across the interface of LSMO and LCO.

One of the strain sources in oxide thin films is from in-plane
biaxial strain induced by the substrate. The biaxial strain manifests
the reduced Curie temperature of manganite thin films in accor-
dance with the Millis model. According to the model, the biax-
ial strain dependent Curie temperature of manganite thin films is
related as TC(εB, ε∗) = TC(0, 0)[1 − αεB − βε∗2]. The values of α and
β are considered as 1.55 and 1460, respectively.53 Here, εB is the bulk
compression, which is (1/3)(2εxx + εzz), and the biaxial distortion is
(1/2)(εzz − εxx). The reduced Curie temperature of LSMO on STO
is estimated to be at 349 K due to the biaxial strain of the STO
substrate. This suggests that there is a significant contribution of
substrate induced strain on the LSMO layer. This can clearly distin-
guish the contribution of substrate induced strain from the stacking
sequence developed strain.

However, below 82 K, the ferromagnetic ordering of LCO
dominates the overall magnetization of the BL2 system due to the
superexchange between the trivalent Co high- and low-spin con-
figurations in LCO.32 The interfacial driven FM coupling strength
is highly sensitive to the layer sequence and ordering; in the
present case, it is significantly reduced in BL1 [Fig. 5(a)]. Negli-
gible coercivity (HC → 0) in the field (H = 1 kOe)-cooled M–H
(±10 kOe) hysteresis loops measured at 10 K provides further evi-
dence to this to the AFM character in BL2 [Fig. 5(c)]. For all
the fields, BL1 exhibits higher (60% higher in BL1 than in BL2
at 10 K for 10 kOe) magnetization as compared to BL2, signify-
ing the fact that the layer sequence plays a key role in the over-
all magnetic structure of these layers. The remanence magnetiza-
tion (MR) at 10 K is ≈1.05 and 0.411 μB/u.c for both the BL1 and
BL2 layers, respectively. It is possible that the Mn–O–Co superex-
change path/bonds can mediate the AFM coupling along with
the LSMO/LCO interface and influences the magnetic order of
the LSMO layer upon altering the layer sequence. Previous stud-
ies revealed that the growth and alignment of the barred domain
structure is strongly dependent on the thickness of the ferromag-
netic LCO layer (tLCO) because the rhombohedral distortions across

the LCO/LSMO interface increases progressively with increasing
“tLCO,” which, in turn, affects the magnetic properties. Moreover, the
barred domain structure and tLCO together influence the anisotropy
of the bilayer configuration. Thus, motivated by these facts, we stud-
ied the role of magnetocrystalline anisotropy in both these systems
using isothermal magnetization curves at low temperatures below
the TC value of LCO for different magnitudes of tLCO using the
law-of-approach to saturation (LAS) technique. According to the
LAS, the total magnetization M = MS (1-a/H-b/H2) + χhf H, where
the term χhf H represents the high-field susceptibility resulting from
the increase in the spontaneous magnetization due to the external
field (H). However, the first term a/H is associated with the pres-
ence of structural defects and nonmagnetic entities. The term b/H2

is ascribed to the magnetocrystalline anisotropy. In the case of cubic
systems with ferromagnetic features, the coefficient b is given by b
= 8/105 (K2

1)/(μ2
0 M2

S).
54,55

Following this analysis, the solid lines in Fig. 6(a) represent the
best fits to the experimental data points (scattered symbols) recorded
at 10 K obtained using the LAS equation. The resultant parame-
ters obtained from the best fits yield anisotropy field HK ≈ 1205 Oe
(599.3 Oe), anisotropy constant Ku ≈ 1.49 × 105 erg/cc (4.7 × 104

erg/cc), and MS ≈ 247.2 emu/cc (159 emu/cc) for BL1 (BL2) systems,
respectively. It is interesting to note that BL2 exhibits one order low
magnetocrystalline anisotropy as compared to BL1 due to the anti-
ferromagnetically pinned moments. This feature corroborates with
the pseudo-AFM behavior observed in BL2 that exhibits negligible
coercivity, signifying the key role of the stacking sequence in the
structural and magnetic behaviors of the investigated system.56 A
detailed LCO thickness (tLCO) dependent study on the BL1 system by
fixing the 5 nm LSMO layer thickness reveals anomalies in HK (tLCO)
across tLCO ≈ 10 nm (1098 Oe) and 16 nm (1205 Oe). Beyond, tLCO
= 18 nm, both Ku and HK decrease monotonically (Ku ≈ 1.18 ×105

erg/cc and HK ≈ 1299 Oe for 5 nm LSMO/18 nm LCO), and BL1
exhibits maximum in Ku (2.9 × 105 erg/cc) for an extremely lower
thickness (tLCO ≈ 2 nm) of LCO layers. These magnitudes are in line
with the previously reported values on highly epitaxial LSMO/STO
(001) thin films of a few unit cells in thickness grown by pulsed laser

FIG. 6. (a) Isothermal magnetization curves (M–H) of both the bilayers BL1 and BL2 recorded at T = 10 K under the field (H = 1 kOe) cooled condition. (b) LCO thickness
variation of the anisotropy constant K1 (tLCO) and anisotropy field HK (tLCO) of the bilayer configuration BL1 for constant (5 nm) LSMO thickness and variable LCO thickness.

AIP Advances 11, 125115 (2021); doi: 10.1063/5.0071572 11, 125115-7

© Author(s) 2021

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

FIG. 7. (a) Nearest-neighbor effective magnetic exchange interaction Jeff and its variation as a function of LCO thickness (tLCO) in the bilayer configuration BL1 for constant
(5 nm) LSMO thickness. Here, the scattered symbols represent the data points and the straight line represents the linear fit to the experimental data points. (b) LCO
thickness (tLCO) variation of the effective number of spins per unit volume (NV ) in the bilayer configuration BL1 for constant (5 nm) LSMO thickness. Here, each spin carries
the magnetic moment (μ).

deposition (PLD) using angle dependent ferromagnetic resonance
spectroscopy measurements.57

Interestingly, both BL1 and BL2 systems exhibit one order
higher magnitude of anisotropy values as compared to the single
crystalline manganites using torque magnetometry [K1 = 1.8 ×104

erg/cc along the (100) plane],58 inferring the highly epitaxial nature
of the current investigated bilayers. On the other hand, in the present
case, we have estimated the nearest-neighbor effective exchange con-
stant Jeff for both the systems LSMO and LCO in the BL2 configu-
ration using the below expression that has a molecular-field basis.
Here, Jeff /kB = (3TC)/(2S(S + 1)Zeff ), where Zeff (=6) is the number
of the nearest-neighbor exchange coupled spins with S = 3/2 and
3/2 for LSMO and LCO, respectively, and TC is the Curie tempera-
ture of LSMO and LCO. Accordingly, we estimated Jeff for both LCO
and LSMO in the BL1 configuration as a function of LCO thickness
(t). The scattered points in Fig. 7(a) show the thickness variation of
Jeff for both LSMO and LCO, whereas the solid lines represent the
linear fits to Jeff (t). For all the thicknesses, the exchange interaction
corresponding to LSMO dominates over LCO owing to the fact that
the volume fraction of the former is higher as compared to the lat-
ter. As the thickness approaches very smaller values, Jeff /kB reaches
its maximum magnitudes of 5.47 and 21.93 K for LCO and LSMO,
respectively.

These values closely match with Jeff /kB ≈ 20 ± 2 K of highly
epitaxial LSMO single layers grown on TiO2-terminated STO (100)
substrates using the PLD technique. The nature of Jeff (t) is consis-
tent with the variation of the effective number of spins available per
unit volume (NV =MS/μA) each with the average magnetic moment
“μA” in BL1 as a function of LCO thickness [shown in Fig. 7(b)].
Here, we considered μA = 0.738 μB average between μLSMO and μLCO,
where μLSMO = 4.591 μB for g = 2 and considered μ3+

Mn = 4.9 μB (S
= 2) and μMn4+ = 3.87 μB (S = 3/2) and μLCO = 0.88 μB. In this case, NV

reaches the maximum value of 1.023 ×1023 cm−3 as tLCO → 0, and for
larger LCO thickness (18 nm) in the BL2 configuration, the effective

number of spins available for the long range ordering approaches
0.26 ×1022 cm−3.

IV. SUMMARY
In this work, we demonstrated that the stacking sequence of

LSMO/LCO epitaxial bilayers coherently grown on STO (001) sub-
strates plays a vital role in the overall magnetic properties of the
system. The biaxial tensile strain experienced by these layers along
with the finite-size/surface effect collectively drives the ordering
temperatures to lower values as compared to the bulk counterpart
in both the bilayers. Interestingly, the bilayer sequence (15 nm)
LCO/(5 nm) LSMO (BL2) exhibits a significant drop in the magneti-
zation between T = 184 and 82 K, suggesting weak antiferromagnetic
coupling across the interface of the two ferromagnetic constituents,
resulting in a partial compensation of the overall magnetic moment.
However, below 82 K, the ferromagnetic features of LCO domi-
nate the overall magnetization of the BL2 configuration due to the
dominant superexchange between the trivalent Co high and low-
spin state configurations in LCO. On the other hand, the stacking
sequence (5 nm) LSMO/(15 nm) LCO exhibits a strong ferromag-
netic character with two distinct transitions at 320 and 77 K cor-
responding to the TC value of LSMO and LCO, respectively. These
results are consistent with the higher magnitude of anisotropy con-
stant Ku (≈1.49 × 105 erg/cc) in the BL1 configuration than Ku ≈ 4.7
× 104 erg/cc for the stacking sequence (5 nm) LSMO/(15 nm) LCO.
The frequency dependence of the FMR linewidth ΔHPP( f ) reveals
the greater in-plane anisotropy in BL2, suggesting the existence of
extrinsic mechanisms alongside the Gilbert intrinsic contribution.
In addition, the other dynamic characteristics, such as gyromagnetic
field (γ/2π), demagnetization fields (4πMeff ), and effective damp-
ing constant (α) of bilayers, are enhanced as compared to individ-
ual layers. Moreover, the nearest-neighbor effective exchange con-
stant Jeff evaluated from the experimental magnetization data and
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molecular-field theory follows the linear variation with the increas-
ing thickness (tLCO) of LCO from 2 to 18 nm. As the thickness
approaches their unit cell dimension, Jeff /kB reaches its maximum
magnitude of ≈5.47 and 21.93 K for LCO and LSMO, respectively,
which is comparable with the previously reported value of Jeff /kB
≈ 20 ± 2 K in highly epitaxial LSMO single layers. Nevertheless, the
nature of Jeff (t) is consistent with the variation of the effective num-
ber of spins available per unit volume (NV ), which varies between
1.02 ×1023 and 2 ×1022 cm−3 as tLCO → 0 and tLCO approaches a
maximum magnitude of 18 nm.
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