
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This is a copy of the published version, or version of record, available on the publisher’s website. This 

version does not track changes, errata, or withdrawals on the publisher’s site. 

Published version information: 

Citation: Yogesh Kumar, Harsh Bhatt, S. Kakkar, C. J. Kinane, A. Caruana, S. 
Langridge, Chandan Bera, S. Basu, Manuel A. Roldan, and Surendra Singh,  
Emerging interfacial magnetization in isovalent manganite heterostructures driven 
by octahedral coupling, PHYSICAL REVIEW B108,174410(2023) 
 
DOI: https://doi.org/10.1103/PhysRevB.108.174410 
 

This version is made available in accordance with publisher policies. Please cite only 
the published version using the reference above. This is the citation assigned by the 
publisher at the time of issuing the APV. Please check the publisher’s website for 
any updates. 
 

This item was retrieved from ePubs, the Open Access archive of the Science and Technology 

Facilities Council, UK. Please contact epublications@stfc.ac.uk or go to http://epubs.stfc.ac.uk/ for 

further information and policies. 

Emerging interfacial magnetization in isovalent manganite 

heterostructures driven by octahedral coupling 

Yogesh Kumar, Harsh Bhatt, S. Kakkar, C. J. Kinane, A. Caruana, S. 

Langridge, Chandan Bera, S. Basu, Manuel A. Roldan, and 

Surendra Singh 

 

mailto:epublications@stfc.ac.uk
http://epubs.stfc.ac.uk/


PHYSICAL REVIEW B 108, 174410 (2023)

Emerging interfacial magnetization in isovalent manganite heterostructures
driven by octahedral coupling

Yogesh Kumar,1,* Harsh Bhatt,1,2 S. Kakkar,3 C. J. Kinane ,4 A. Caruana,4 S. Langridge ,4

Chandan Bera ,3 S. Basu,1,2 Manuel A. Roldan,5 and Surendra Singh1,2,†

1Solid State Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India
2Homi Bhabha National Institute, Anushaktinagar, Mumbai 400094, India

3Quantum Materials and Devices Unit, Institute of Nano Science and Technology, Phase 10, Sector 64, Mohali, Punjab 160062, India
4ISIS Neutron and Muon Source, Rutherford Appleton Laboratory, Didcot, Oxon OX11 0QX, United Kingdom

5Eyring Materials Center, Arizona State University, Arizona 85287, USA

(Received 23 November 2022; revised 28 August 2023; accepted 18 October 2023; published 7 November 2023)

The distortion of corner-sharing octahedra in isovalent perovskite transition-metal oxide interfaces have
proven to be an excellent way to tailor the electronic and magnetic properties of their heterostructures. Com-
bining depth-dependent magnetic characterization using polarized neutron reflectivity (PNR) and theoretical
calculations (density functional theory), we report interface-driven magnetic exchange interactions due to
modification in the octahedral rotations at the interfaces of the isovalent La0.67Ca0.33MnO3/La0.67Sr0.33MnO3

heterostructures. PNR results determined a length scale of ∼8 unit cells at the interface, which demonstrated a
modification in magnetic properties. The results also predicted a low-temperature exchange bias for these fer-
romagnetic heterostructures with a maximum exchange bias for the heterostructure, which showed an enhanced
antiferromagnetic coupling at the interfaces.

DOI: 10.1103/PhysRevB.108.174410

The emergent interfacial phenomena in transition metal
perovskite oxide (ABO3) heterostructures are induced by the
strong coupling between spin, orbital, charge, and lattice
degrees of freedom [1,2]. The interfacial phenomena with
intriguing physics in oxide heterostructures have been in-
vestigated mostly by considering the charge transfer and
structural proximity/coupling at the heterointerfaces [1,3,4].
The interfacial charge transfer/redistribution as a result of the
alignment of bands at the heterointerfaces [5–8], can intrinsi-
cally cause hole/electron doping without inducing chemical
disorder and contributes to the key emerging interfacial
properties in heterostructures [9,10]. The BO6 oxygen oc-
tahedra, which are intimately correlated to orbital, charge,
and spin order in perovskite oxides, enable the structural
distortion by decreasing the B-O-B bond angles (β) and
increasing the B-O bond lengths (d). These structural modi-
fications lead to a decrease in the electronic bandwidth (W)
as W ∝ cos[0.5 (π − 〈β〉)]/d3.5 [11], and directly change
the electronic and magnetic properties. In the case of ABO3

heterostructures, which offer additional means to tune the
lattice structure, the oxygen octahedral rotation can be reg-
ulated either by interfacial strain or by interfacial oxygen
octahedral coupling (OOC) [12–17]. The OOC is a geometric
constraint effect that can alter the amplitude of octahedral
rotations over roughly < 10 unit cells (u.c.) on either side of
a heterointerface [12–17]. Therefore, studies are required to
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explore the magnetic modulation on this length scale at the
heterointerfaces.

The purely structural proximity at interfaces has been
known as a δ-doping strategy, which controls the OOC
and provides enhanced magnetization at the interfaces in
manganite heterostructures [18–20]. The δ-doping strategy
in manganite heterostructures was achieved by inserting an
atomically thin manganite layer into an isovalent manganite
host, which modifies the local rotations of corner-connected
MnO6 octahedra [20]. Santos et al. [18] observed an enhanced
ferromagnetic (FM) exchange in otherwise antiferromag-
netic (AFM) manganite LaMnO3/SrMnO3 superlattices due
to δ doping by growing an alternate single unit-cell layer
of these manganites. The ability to spatially confine mag-
netic states without altering the local charge density by
local control of octahedral rotations as a δ-doping ap-
proach was also achieved by growing ultrathin isovalent
manganite superlattices of La0.7Sr0.3MnO3/Eu0.7Sr0.3MnO3

[19] and La0.5Sr0.5MnO3/La0.5Ca0.5MnO3 [20]. Here we
show experimental evidence of interface-driven enhancement
as well as suppression of ferromagnetism at the interfa-
cial La0.67Ca0.33MnO3 (LCMO) region in La0.67Sr0.33MnO3

(LSMO)/LCMO heterostructures with different stacking
sequence using polarized neutron reflectivity (PNR) exper-
iments. PNR results suggest a finite magnetic moment for
an interfacial LCMO layer of thickness ∼8 u.c. at the
LCMO/LSMO interface above the FM transition tempera-
ture of the LCMO layer. Moreover, we found a shift in the
hysteresis loop along the field axis (exchange bias) at low
temperatures. Our theoretical investigation shows different
values of nearest neighbor exchange interactions due to a
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TABLE I. The LSMO/LCMO heterostructures used in this study. The thicknesses of different layers and interfacial roughnesses were
obtained from XRR.

Thickness (Å) Roughness (Å)

Samples LCMO LSMO LSMO/LCMO LCMO/LSMO Strain (%) Tc (K)

S1: LSMO/LCMO/MgO 104 ± 7 52 ± 4 6 ± 2 −0.70 265
S2: LCMO/LSMO/MgO 97 ± 6 96 ± 7 4 ± 1 +0.26 275
S3: [LSMO/LCMO]5/MgO 98 ± 7 53 ± 5 5 ± 2 4 ± 1 +0.13 265

local rotation pattern of the octahedra, which is instrumental
in stabilizing these interface-dependent magnetic interactions
and couplings in these heterostructures.

Isovalent manganite heterostructures of LSMO/LCMO
with different thicknesses and stacking sequences of the
LSMO and LCMO layers were grown on MgO (001)
substrates (Table I) using pulsed laser deposition (PLD) tech-
nique. Different thicknesses and stacking sequences of the
manganite layers were used to study the effects of strain
and interface coupling in these systems. The structural de-
tails of the bilayer heterostructures S1 (LSMO/LCMO/MgO)
and S2 (LCMO/LSMO/MgO), as well as multilayer S3
([LSMO/LCMO]5/MgO), are given in Table I and the
schematic of these heterostructures is shown in the inset of
Fig. 1(a). A KrF excimer laser (wavelength = 248 nm, pulse
width = 20 ns) was used to ablate the high-purity bulk targets
with a laser energy density of ∼4 J/cm2. The base pressure
of the PLD chamber was reduced to 10−6 mbar before the
deposition. The films were deposited at an oxygen partial
pressure of 0.2 mbar and the substrate temperature was kept
at 750 ◦C.

The x-ray diffraction (XRD) scans for different het-
erostructures as well as a single layer of LSMO on the MgO
(001) substrate are shown in Fig. 1(a). A comparison of
XRD data from different heterostructures suggests crystalline
growth with the (001) texture of manganite films. The high
intensity, (002) Bragg peak for manganite films in different
heterostructures is used to estimate the strain in the films,
shown in Fig. 1(b), suggesting that films are relaxed. The
MgO and LSMO/LCMO have a lattice constant of ∼4.2 and
3.87 Å [shown by horizontal lines in Fig. 1(b)], respectively,
in their bulk phase, suggesting a tensile lattice mismatch strain
(ε) of ∼8.0%. However, the lattice constant of manganite
films in these heterostructures was found to almost match
its bulk value (i.e., ε ∼0.1 − 0.7%; see Table I), which is
consistent with an earlier study [21], indicating that oxide
film grown on MgO substrate relaxes fast with respect to the
thickness of the film (∼50 Å). The depth-dependent chemical
structures [thickness, interface roughness, and electron scat-
tering length density (ESLD)] of these heterostructures have
been studied using x-ray reflectivity (XRR) measurements
(Fig. S1 in the Supplemental Material [22]) and the structural
parameters are given in Table I. XRR measurements suggested
a high-quality layer structure with small interface roughness
(∼5 Å). Chemical depth profiles obtained for different het-
erostructures from XRR data were subsequently used to fit
the PNR data by varying the parameters within a constrained
range.

Further, the atomic-scale structure of the heterostructure
was investigated by atomic resolution electron microscopic
studies using aberration-corrected scanning transmission elec-
tron microscope (JEOL-ARM) to acquire high-angle annular
dark field (HAADF) images. A representative cross-section
HAADF image of heterostructure S3 (a multilayer) is shown
in Fig. 1(c), showing the high-quality epitaxial growth of
the multilayer. In addition, energy dispersive x-ray spec-
troscopy (EDS) measurements were performed to distinguish
the LCMO and LSMO layers. The elemental maps deter-
mined from characteristic La-Lα1, O-Kα1, Mn-Kα1, Ca-Kα1,
and Sr-Kα1 EDS edges from heterostructure S3 (Fig. S2
in the Supplemental Material [22]) suggest a high-quality
layer structure. The depth profiling of elemental concentration
using scanning transmission electron microscopy (STEM),
shown in Figs. 1(d) and 1(e), and the STEM image of het-
erostructure S3 suggest a well-defined multilayer structure
with uniform distribution of La, O, and Mn elements and
well-defined Ca and Sr-rich regions (layers) for S3. Therefore,
combining scattering techniques (x-ray and neutron) with a
direct imaging technique (STEM) for the structural character-
ization of LSMO/LCMO heterostructures clearly suggested
high-quality interfaces.

Figure 1(f) shows the zero-field-cooled (ZFC) and field-
cooled (FC) (cooling field, HFC = 500 Oe) magnetization of
multilayer S3 as a function of temperature M(T) measured in
an in-plane applied field, HFC = 500 Oe, using a Quantum De-
sign superconducting quantum interference device (SQUID)
magnetometer MPMS5. The M(T) data for S3 [Fig. 1(f)] and
other heterostructures (Fig. S3 in the Supplemental Material
[22]) indicate that the Curie temperature (TC) for these het-
erostructures is lower than 300 K and is given in Table I. The
M(T) data for similarly grown single LSMO and LCMO films
of thickness ∼100 Å on MgO substrates are also shown in
Fig. 1(g), suggesting a Tc of ∼295 and 140 K for LSMO and
LCMO films, respectively, which is consistent with results on
similar systems [23,24]. The smaller Tc in these heterostruc-
tures agrees with previous studies [23–27], which is attributed
to deposition conditions (oxygen pressure), different thick-
nesses, and charge discontinuity in manganite films. Typical
hysteresis loops [M(H) curve] at different temperatures (200,
100, and 5 K) for S3 measured under FC (HFC = 500 Oe)
conditions are shown in Fig. 1(h). Interestingly, we find a
small shift in the hysteresis curve (exchange bias) to the
negative field [Fig. 1(h)] at low temperatures for all the het-
erostructures. M(H) hysteresis curves at 5 K for single LSMO
and LCMO films grown on MgO substrates, measured under
conditions identical to those of heterostructures (i.e., FC with
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FIG. 1. (a) XRD patterns for different LCMO/LSMO heterostructures grown on single-crystal MgO substrate. The inset shows the
schematic of different heterostructures, S1, S2, and S3. (b) Lattice constant (d) measured from XRD for different heterostructures.
(c) High-angle annular dark field image of heterostructure S3 measured by high-resolution STEM. (d),(e) The depth profiling of the
concentration of different elements for S3 is obtained from EDS measurements. (f) M(T) measurements for S3 multilayer in an in-plane
applied field of 500 Oe for field-cooled (FC) and zero-field-cooled (ZFC) conditions. (g) M(T) data for single LSMO and LCMO layers
on MgO substrates. M(H) curves for (h) the S3 multilayer at different temperatures and (i) for single LSMO and LCMO films at 5 K. (j)
Comparison of macroscopic magnetic properties (HEB, Hc, average magnetization) at 5 K and variation of strain for different heterostructures.

HFC = 500 Oe), are shown in Fig. 1(i), which are symmet-
ric about field axis. The exchange bias field (HEB), coercive
field (Hc), and average magnetization at 5 K for different
heterostructures, shown in Fig. 1(j), indicate a maximum
negative HEB of ∼60 Oe for heterostructure S2. The existence
of small but finite HEB for LCMO/LSMO heterostructures,
even though both LSMO and LCMO are FM at low tem-
peratures, clearly indicates a magnetic modification at the
interfaces.

To investigate the interfacial coupling in these isovalent
manganite heterostructures, we carried out spin-dependent

PNR [28–31] measurements for all the heterostructures at
different temperatures (300, 200, 75, and 10 K) across the
Tc of the LCMO film (∼140 K). PNR measurements were
carried out using the POLREF instrument at ISIS neutron
and muon source, RAL, UK. PNR measurements were per-
formed under FC (HFC = 500 Oe) conditions in the applied
in-plane field of 500 Oe. Spin-dependent PNR, R+ (spin
up) and R− (spin down), where the + (−) sign denotes
the neutron beam polarization parallel (opposite) to the ap-
plied field, provides both the nuclear and magnetic scattering
length density (NSLD and MSLD) depth profiles of the
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FIG. 2. Spin-dependent PNR data (symbols) and corresponding fits for (a) S1, and (b) S2 heterostructures at different temperatures, which
are shifted vertically for better visualization. Inset shows the schematic of PNR from the film under an applied field of H. The nuclear
scattering length density (NSLD) depth profile for (c) S1 and (e) S2 obtained from PNR data at 300 K. Magnetization (M) depth profiles at
different temperatures for (d) S1 and (f) S2 extracted from the PNR data. The comparison of the normalized spin asymmetry (NSA) data for
(g) S1 and (h) S2 heterostructures at 200 K using the magnetization models represented in (i) and (j) respectively.

heterostructures [28–32]. The schematic of the spin-
dependent PNR measurements from a film is represented
in the inset of Fig. 2(a), where H is the applied field
in the heterostructures. The PNR results for heterostruc-
tures S1 and S2 are shown in Figs. 2(a) and 2(b)
respectively, where PNR data (symbols) and correspond-
ing fits (solid lines) at different temperatures are shifted
vertically for better visualization. The NSLD and magne-
tization (M = MSLD/2.91 × 10−9 [28]) depth profiles of
the heterostructures were obtained by fitting the PNR data
using an optimization program [28], which uses Parratt

formalism [33], and the parameters are adjusted to minimize
the value of reduced χ2 –a weighted measure of the goodness
of fit. The difference between spin-dependent PNR data (i.e.,
R+ − R−) provides the detailed magnetization depth profile
of the heterostructure. As expected, PNR data at 300 K show
the negligible difference between R+ and R− and are used to
obtain the detailed NSLD depth profiles for the heterostruc-
tures S1 and S2, shown in Figs. 2(c) and 2(e), respectively,
which are consistent with the corresponding XRR results
(see Fig. S1 in the Supplemental Material [22]) from these
heterostructures. The corresponding magnetization depth pro-
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files obtained from PNR at different temperatures are shown
in Figs. 2(d) and 2(f). PNR results provided similar values of
thickness and interface roughness parameters (within the error
on the parameters) as obtained from the XRR (Table I).

Remarkably, we find the emergence of a finite magnetiza-
tion (FM order) for an interfacial LCMO layer of thickness
∼32 Å (∼8 u.c.) in S1 at a temperature of 200 K [shaded
region in Fig. 2(d)], which is much higher than the Tc

(∼140 K) for a similarly grown single LCMO layer, while
such an emergent interfacial magnetization for heterostructure
S2 [Fig. 2(f)], which is grown with a reverse stacking se-
quence, was completely absent at 200 K. To validate the PNR
results at 200 K for S1 and S2, we have fitted the PNR data
considering different models of interface magnetization and
compared them using normalized spin asymmetry (NSA) pro-
files. NSA profiles are the ratio of the difference and sum of
the spin-dependent PNR data (R+ and R−), i.e., NSA = (R+ −
R−)/(R+ + R−). Figures 2(g) and 2(h) show the NSA data
(solid circles) for S1 and S2, respectively, at 200 K, which are
fitted using different models with (solid red line) and without
(black line with solid triangles) an interfacial FM LCMO layer
[Figs. 2(i) and 2(j)]. These models are statistically compared
for the quality of fits using a goodness-of-fit parameter, χ2[=
∑

i
[ NSAexp (Qi )−NSAth (Qi )

err(Qi )
]
2
, where NSAexp(Qi ), NSAth(Qi ), and

err(Qi ) are the NSA data points, NSA for the fitted model, and
error on data points at wave-vector transfer Qi, respectively].
The comparison of different interfacial magnetization models
[Figs. 2(i) and 2(j)] confirms the emergence of ordered ferro-
magnetism for interfacial LCMO layer (thickness ∼32 Å) for
S1 at 200 K, which is well above the Tc of LCMO film, and no
interfacial ordered magnetization when the growth sequence
of layers is reversed in heterostructure S2. It is noted that the
thickness of the interfacial FM LCMO layer (∼32 Å) at 200 K
is much larger than the interface roughness (∼5 Å). Moreover,
reflectivity data also suggested a similar value of the rough-
ness (∼5 Å) for both LSMO/LCMO and LCMO/LSMO
interfaces in these heterostructures. This rules out the possi-
bility of asymmetric chemical structure at the interfaces as a
plausible reason for the observed effect and thus it indicates
the asymmetric magnetic nature is an intrinsic behavior. To
confirm such magnetic asymmetric behavior in these isovalent
manganite heterostructures, which depend on the sequential
growth of layers, we have studied the depth-dependent mag-
netic properties in a multilayer (heterostructure S3) providing
two different interfaces in a single heterostructure (Fig. 3).

Figure 3 depicts the PNR results from heterostructure S3.
PNR data for S3 at different temperatures, which are vertically
shifted for better visualization, are shown in Fig. 3(a). NSLD
and magnetization (at different temperatures) depth profiles
for S3 obtained from PNR data are shown in Figs. 3(b) and
3(c), respectively. The temperature-dependent magnetization
depth profiles [Fig. 3(c)] of heterostructure (multilayer) S3
suggest the emergence of an interfacial LCMO magnetic
layer and asymmetric magnetic behavior at structurally sym-
metric interfaces of S3. We find an ultrathin FM interfacial
LCMO layer at LSMO/LCMO (LSMO grown on LCMO)
interface and the absence of such interfacial ferromagnetism
at LCMO/LSMO (LCMO grown on LSMO) interface at
200 K. This supports the asymmetric magnetic behavior of the

interfacial LCMO layer at 200 K (well above the Tc of LCMO
film), observed in heterostructure S1 and S2. To confirm such
asymmetric emergent FM behavior at the interfaces of S3 at
200 K we have fitted PNR data [Figs. 3(d)–3(g)] assuming
different magnetization depth profiles [Figs. 3(h)–3(k)]. Dif-
ferent magnetization depth profiles across two interfaces of S3
and the corresponding fits to NSA data at 200 K are indicated
by the vertical arrow (both sides) in the middle and lower
panels of Fig. 3. Different interfacial magnetization models
were compared with the goodness-of-fit parameter (χ2) and
it is indicated in the Figs. 3(d)–3(g). The mismatch between
experimental NSA (or PNR) data at 200 K and fits assuming
different interfacial magnetization models, especially around
the Bragg peak position (Qz ∼ 0.05 Å−1), as compared to the
best-fit model [Figs. 3(g) and 3(k)] further confirms the emer-
gence of ferromagnetism for the interfacial LCMO layer at the
LSMO/LCMO interface and the absence of ferromagnetism
for the interfacial LCMO layer at another (LCMO/LSMO)
interface. In addition, we find enhanced and reduced magne-
tization for the interfacial LCMO layer at the LSMO/LCMO
and the LCMO/LSMO interfaces, respectively, as compared
to the rest of the LCMO layer in these heterostructures for
all temperatures of measurements below Tc of the LCMO
film. Thus, the depth-dependent magnetization for different
heterostructures at 200 K suggests the emergence of stacking
sequence-dependent FM order for the interfacial LCMO layer,
well above its transition temperature.

To understand the existence of this ultrathin interfacial
FM LCMO layer at the LSMO/LCMO interface above Tc

and related asymmetric magnetic behavior at interfaces, as
well as observation of exchange bias in these all FM-based
heterostructures using macroscopic magnetization measure-
ments, we have performed first-principle calculations based
on density functional theory (DFT) using the projector
augmented-wave (PAW) method as implemented within the
Vienna Ab initio Simulation Package (VASP) [34–36]. A gen-
eralized gradient approximation (GGA) with Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional was used
[37]. To simulate the two interfaces, (i) for LCMO/LSMO
interface: a stoichiometric thin film model having LCMO thin
film (3 u.c.) on an LSMO substrate with vacuum on the top of
LCMO was considered, and (ii) for LSMO/LCMO interface:
LSMO thin film (3 u.c.) on LCMO substrate with vacuum on
the top of LSMO was considered. To simplify and reduce
the complex nature of the computational analysis we have
considered only a few u.c. (∼3) for the thin film. To avoid
the interaction between the adjacent slabs, a vacuum region of
15 Å was placed between the simulated slabs. These calcula-
tions were performed with a kinetic energy cutoff of 520 eV
for a plane-wave basis [36] and a gamma-centered 4 × 2 × 1
k-point grid. To account for the electronic correlation between
the localized electrons of 3d orbitals of Mn, DFT+U calcu-
lations were performed using Dudarev’s rotationally invariant
approach [38] with U = 4 eV, J = 0.0 eV for the Mn atom,
where U is the effective on-site Coulomb interaction between
localized 3d electrons and J is the exchange parameter.

In ABO3 perovskite manganite oxides, the local mag-
netic exchange interactions are enhanced within the spatially
confined regions of the suppressed octahedral rotations
(increase in B-O-B bond angles) [20]. The depth-dependent
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FIG. 3. (a) Spin-dependent PNR data (symbols) and corresponding fits for heterostructure S3 at different temperatures, which are shifted
vertically for better visualization. (b) The nuclear scattering length density (NSLD) depth profile for S3 extracted from PNR data at 300 K.
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(NSA) data at 200 K for S3. Magnetization models and the corresponding fits to data are indicated by a vertical arrow.

octahedral rotation optimized structures of LCMO/LSMO
and LSMO/LCMO heterostructure slabs obtained from the
theoretical calculations are shown in Figs. 4(a) and 4(c),
respectively. The in-plane (θin) and out-of-plane (θout) Mn-O-
Mn bond angles are calculated for the optimized structures
and are also shown in Figs. 4(a) and 4(c) for two interfaces.
For the LCMO/LSMO system, the average values of θin

for LCMO, the interfacial region, and the LSMO region are
156.8◦, 161.05◦, and 166.57◦, respectively, whereas θout for
the LCMO, interface, and LSMO regions is 164.9◦, 162.9◦,
and 174.42◦, respectively. Thus, the bond angle order for
LCMO/LSMO systems is LSMO > interface > LCMO for
in-plane and LSMO > LCMO > interface for out-of-plane
bond angles. As a result, θout governs the experimentally
determined magnetization ordering in the LCMO/LSMO
system. For the LSMO/LCMO system, the average val-
ues of θin for the LSMO, interface, and LCMO regions
are 168.95◦, 165.05◦, and 160.75◦, respectively. In addi-
tion, θout for the LSMO, interface, and LCMO regions is
168.5◦, 165.8◦, and 158.6◦, respectively. Consequently, the

bond angle order is LSMO > interface > LCMO for both
θin and θout. The higher values of Mn-O-Mn result in the
increase in double exchange interaction responsible for mag-
netism in these systems. The bond order at two interfaces
is consistent with the experimental magnetization ordering
in the LSMO/LCMO system. Furthermore, spin-polarized
calculations provide information about the local magnetic
moment on Mn atoms derived from the d orbitals. The lay-
erwise calculated magnetic moment per Mn ion for the two
heterostructures is depicted in Fig. 4(b), which indicates the
reduced and enhanced magnetization of the interfacial LCMO
layer at LCMO/LSMO and LSMO/LCMO interfaces, respec-
tively. This indicates that the structural combination plays an
important role in the magnetic properties of these perovskite
manganite oxides. In addition, using the isotropic nearest-
neighbor (NN) exchange interaction (J interface

12 ) [39] between
a pair of Mn ions (Mn1-O-Mn2) present at the interfaces,
we found a FM exchange interaction for the LSMO region
at both interfaces (LCMO/LSMO and LSMO/LCMO), while
the LCMO region showed FM and AFM exchange interaction
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FIG. 4. The relaxed crystal structures indicating the in-plane
θin and out-of-plane θout bond angles of heterostructure (a)
LCMO/LSMO and (c) LSMO/LCMO systems. The atoms O, La,
Sr, Ca, and Mn are also marked on the structures. (b) The mag-
netic moment per Mn atom averaged over the number of atoms per
layer vs the layer number for LCMO/LSMO and LSMO/LCMO,
respectively.

at LSMO/LCMO and LCMO/LSMO interfaces, respectively.
This finding of interface-driven FM and AFM exchange
coupling for the interfacial LCMO layer in these isovalent
manganite heterostructures provides an excellent explanation
for the experimental results obtained from PNR. The AFM
exchange interaction for the interfacial LCMO layer in the
case of heterostructure S2 (LCMO/LSMO interface) can be
one of the reasons for observing the maximum exchange bias
for this heterostructure at low temperatures.

PNR results from three different heterostructures (S1, S2,
and S3) of the LSMO-LCMO based system confirmed the
evolution of asymmetric interfacial ferromagnetism in the
LCMO layer at the interfaces well above the Tc (∼140 K).
The depth-dependent structure of the heterostructures stud-
ied by reflectivity (both PNR and XRR) and EDS suggested
intermixing at the interfaces, which can influence the magne-
tization at the interfaces. However, the length scale involved
in interfacial magnetic modulation is found to be ∼32 Å,
which is about ∼600% of the interface roughness (inter-
mixing) observed for these heterostructures. Further, the
DFT calculations suggested different octahedral rotations at
interfaces, which modify the AFM and FM exchange interac-
tions at different interfaces and thus exhibiting different and
asymmetric magnetization as well as exchange bias in these
systems.

In summary, we demonstrate the interface-driven coupling
which controls the magnetic properties of isovalent correlated
manganite heterostructures and exhibits exchange bias at low
temperatures. The spin-dependent PNR technique enables
us to determine a length scale of ∼8 u.c. for the interfacial
LCMO region, which exhibits either enhanced or reduced
moment depending on the stacking-dependent interface
coupling. The PNR results also suggest an FM behavior of
the interfacial LCMO region at the LSMO/LCMO interface
above the transition temperature of LCMO. Furthermore, the
DFT calculations reveal that the difference in magnetization at
two interfaces (LCMO/LSMO and LSMO/LCMO) in these
isovalent manganite heterostructures is due to the different
magnitude of nearest-neighbor exchange interactions as
a result of interface-driven deformation of the oxygen
octahedral at the interfaces.
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