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The integration of room-temperature ferromagnetic thin film on ferroelectric substrate with strong magnetoe-
lastic coupling provides a new pathway to tune and improve their functionality for device-application purposes.
Epitaxial thin film of ferromagnetic La0.7Sr0.3MnO3 (LSMO) on single-crystalline BaTiO3 (BTO) substrate is
observed to be magnetoelastically coupled with BTO substrate with electric-field tunability. The coupling is
manifested by discontinuous changes in magnetization as well as in resistivity as BTO undergoes the successive
structural phase transitions with temperature. The sign of these abrupt changes shows magnetic-field dependency
and is attributed to the in-plane switching of the symmetry of magnetic anisotropy via modification in epitaxial
strain-induced distortion as BTO crosses the phase-transition temperature. Under the application of electric
field, large magnetization changes are observed via the strain-mediated converse magnetoelectric effect in the
LSMO/BTO heterostructure. Up to 55% coercivity change (�H/H ) and 36% change in squareness (Mr/Ms) of
loop are achieved via 8 kV/cm electric field at 210 K. Linear dichroism experiments at the O K edge also show the
in-plane orbital anisotropy arising because of the presence of (a, c) stripe domains transferred via pseudomorphic
growth on BTO.

DOI: 10.1103/PhysRevB.98.045417

I. INTRODUCTION

Artificial multiferroic (MF) heterostructures consisting of
ferromagnetic (FM) and ferroelectric (FE) compounds have
attracted great interest over the past few years because these
materials are suitable for a wide range of device applications
such as magnetic data-storage devices, magnetic- and electric-
field sensors, actuators, and microelectromechanical systems
[1–3]. Epitaxial thin-film heterostructures are being explored
extensively to make magnetoelectric composites because it
allows one to maximize the interface strain coupling. In the
conventional process, the magnetization of ferromagnetic ma-
terials (or polarization of ferroelectric materials) is controlled
by means of an applied magnetic field (or electric field) in
magnitudes and direction [4]. However, the MF materials are
suggested to be more promising candidates for developing
and fabricating new electronic storage devices because these
materials offer a coupling between two order parameters, such
as ferroelectric and magnetic ordering. Recently, electric-field
control of magnetization switching or magnetic anisotropy
has been shown in many FM/FE multiferroic hybrid struc-
tures [5–8]. It is well known that the magnetoelastic effect
is transferred via strain across the interface of an FM/FE
heterostructure, causing a significant change in the magnetic
properties [9]. Among various ferroelectric materials, clas-
sical lead-free nontoxic ferroelectric BaTiO3 (BTO) with its
unique ferroelectric properties is envisaged as a potential
candidate for the practical applications. In bulk form, a typical
displacive-type ferroelectric BTO undergoes three successive
structural phase transitions: from cubic (C) to tetragonal (T),
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tetragonal to orthorhombic (O), and orthorhombic to rhombo-
hedral (R) at TC→T = 393 K, TT →O = 278 K, and TO→R =
183 K, respectively. Around these transitions, the lattice con-
stant and spontaneous polarization change abruptly [10,11]. It
offers an additional degree of freedom for tuning the strain at
the interface of such FM-FE hybrid structure through its first-
order structural phase transitions as well as by the electric-field-
induced strain through the converse magnetoelectric effect
[12]. Such strain-driven reversible and irreversible magneti-
zation switching in the Fe layer was observed in the Fe/BTO
heterostructure [13,14]. Similarly, spin reorientation and mag-
netization switching were also reported for the Fe3O4/BTO
heterostructure [15,16].

Control of magnetization of the FM/FE heterostructure
can be achieved either by structural changes at different
temperatures or by application of an electric field on the
ferroelectric system, which offers new functionality to many
emerging devices for various applications. Among many
FM/FE hybrid structures, perovskite manganites/BTO are the
well-suited magnetoelastic heterostructures since transport,
magnetic, and electronic properties of perovskite manganites
are very sensitive to lattice strain and can be easily integrated
with BTO due to the similar crystal structure [17–21]. It is
known that La0.7Sr0.3MnO3 (LSMO) is a half-metallic hole-
doped manganite and has been extensively studied for many
fascinating properties such as high-temperature FM to param-
agnetic (PM) transition at 350 K, concomitant metal-insulator
transition (MIT), colossal magnetoresistance (CMR), etc. [22].
Its integration with BTO is expected to be a potential architect
to study the thermal/electric-field-driven strain-induced mag-
netoelastic effect for the device application. Recently, Preziosi
et al. showed the nonvolatile modulation of the Mn 3d orbital
anisotropy and magnetic moment in LSMO by switching of the
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ferroelectric polarization [5]. Motti et al. showed the subtle
interplay between electric-field tunable strain and uniaxial
in-plane deformation, which manages the competing FM and
antiferromagnetic (AFM) orderings in La0.65Sr0.35MnO3 as
probed by x-ray magnetic circular dichroism [23]. It has been
shown that magnetization and resistivity behavior reveal abrupt
changes across the BTO structural transition temperatures [18].
However, here we explore strain-induced spin reorientation or
modulation in magnetic anisotropy in the LSMO/BTO het-
erostructure. In this study we have prepared room-temperature
ferromagnetic LSMO film on single-crystalline BTO substrate
and demonstrated the switching of magnetic anisotropy in
the epitaxial LSMO/BTO heterostructure. We also study the
magnetotransport property of LSMO around the structural
phase transition of ferroelectric BTO. The observed anisotropy
is shown to be correlated with the electronic structure property
of LSMO.

II. EXPERIMENTAL DETAILS

Epitaxial LSMO thin film was grown on BTO (001) sub-
strate by pulsed laser deposition using a KrF excimer laser
(248 nm). A single-phase LSMO pallet was used for the
deposition. LSMO thin film was deposited at 750 ˚C substrate
temperature with 5 Hz repetition rate in 350 mTorr oxygen
partial pressure (OPP) and then cooled in an ambient oxygen
environment (500 Torr). During the deposition, the laser energy
density at the target surface was kept around 2 J/cm2 with 4.5
cm target to substrate distance. The nominal thickness of the
LSMO film is found to be ∼25 nm. For the structural charac-
terization, the x-ray diffraction measurements were performed
using a Bruker D2 PHASER. Reciprocal space mapping
(RSM) was performed at room temperature using a Bruker
D8-Discover high-resolution x-ray diffractometer (HRXRD).
Magnetic measurements were carried out using a 7 Tesla super-
conducting quantum interference device (SQUID)-vibrating
sample magnetometer (SVSM; Quantum Design Inc.). In
situ electric-field (E)-dependent magnetization measurements
were carried out by applying an electric field perpendicular to
the surface of the film in the same SVSM system. To study
the electronic properties of LSMO thin films, x-ray absorption
near-edge structure (XANES) spectra at the O K edge in total
electron yield (TEY) mode were recorded at room temperature
at the polarized light soft x-ray absorption spectroscopy beam
line BL-01, Indus-2, RRCAT, India. Electrical-transport and
magnetic-transport properties have been performed by the
four-probe method using a homemade setup along with an 8
Tesla superconducting magnet (Oxford Instruments, UK). The
ferroelectric domains of the BaTiO3 substrate are imaged using
a Zeiss polarized microscope in reflection.

III. RESULTS AND DISCUSSION

A. Structural properties

Figure 1(a) corresponds to the room-temperature reciprocal
space mapping of bare BTO (T phase) substrate around a
symmetric (002) plane in the tetragonal phase. Bragg spots
in the substrate point towards the presence of 90˚ domains,
a domains [(200)/(020)], and c domain (002) and whose
misorientation is calculated to be <1◦ [20,17,24]. In Fig. 1(a),

the relative intensity of these two domains reveals the presence
of the majority of the c domain (002) in the BTO. In a BTO
single crystal, in-plane 90˚ domains (a, c domains) are easily
formed with ferroelectric stripe patterns with an elongated c

axis rotated by 90˚ [25,26]. These stripe domains are clearly
seen in a polarized microscope image in the T phase of the
LSMO/BTO hybrid structure, as shown in the inset of Fig. 1(a).
Figures 1(b) and 1(c) show the room-temperature reciprocal
maps of 25 nm LSMO film on a BTO substrate around sym-
metric (002) and asymmetric (–103) planes, respectively. From
these scans, the out-of-plane lattice parameter of the a domain
of BTO is 3.991 Å and the out-of-plane lattice parameter of
the c domain is 4.031 Å. In RSM of an LSMO/BTO (001)
heterostructure, we clearly observe the two Bragg spots of
the LSMO layer corresponding to bidirectional stripe domain
patterns (a domain and c domain) imprinted via underneath
ferroelectric BTO. It shows that grown LSMO thin film is
epitaxially grown on the ferroelectric stripe domain patterns
(90◦ a/c domains) of BTO substrate. In the reciprocal map
around the (002) symmetric plane [Fig. 1(b)], there is no shift
in the qx of the LSMO reflection with respect to the BTO
Bragg spot. However, when we see the asymmetric (–103)
reflection, we observe the finite shift in qx of the asymmetric
(–103) reflection [Fig. 1(c)] of LSMO with respect to BTO
substrate reflection, suggesting that grown LSMO film is
partially relaxed. The calculated pseudocubic in-plane lattice
parameter of LSMO is 3.88 Å, which is higher than their
bulk value 3.869 Å, which is due to substrate-induced in-plane
tensile strain leading to the decrease in the out-of-plane lattice
parameter to 3.84 Å. Thus, from the RSM, it is revealed that
LSMO film is epitaxially grown on BTO substrate and also
follows the a, c domains’ growth direction in semblance with
the a, c domain on the BTO surface due to pseudomorphic
growth.

It should be recalled here that the stress in single-crystalline
BTO substrate is relieved by the formation of the a-c domain in
the form of regular stripe patterns [25]. To further explore these
domains, we recorded the optical polarization microscopic
images in O and R structural phases of BTO, as shown in
Figs. 2(a) and 2(b), respectively. Interestingly, we observe that
the width of these stripe domains is completely different in
each phase (T, O, and R phase) of BTO and the direction of
these stripes is rotated by 45˚ when the O → R structural phase
transition takes place. Here we can see the ferroelectric domain
of BTO substrate in the polarized optical image because the
thickness of the LSMO layer is less than the penetration depth
of the incident light.

B. Magnetic properties

Magnetization versus temperature (M-T) behavior of
LSMO thin film deposited on BTO substrate was recorded in
field-cooled cooling (FCC) and field-cooled warming (FCW)
protocols in the temperature range of 5 to 360 K at 50 Oe
magnetic fields. We have performed the measurements with
magnetic field applied in the two different directions [010] and
[100]. In the FCC cycle, when the magnetic field is applied
along the [010] direction [Fig. 3(a)], at temperature 279 K,
where the T → O transition of BTO substrate takes place, we
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FIG. 1. Reciprocal space maps of (a) bare BTO substrate around symmetric (002) plane and (b) LSMO thin film around symmetric (002)
plane. (c) Diffraction spots of LSMO thin film and in-plane 90˚ a/c domains are shown by arrows. The reciprocal maps around the asymmetric
(–103) plane, and diffraction spots of LSMO and BTO, are shown and the relative variation of these spots is highlighted through the vertical
lines. The inset in (a) shows the polarization microscopy images of the a-c stripe domains in the T phase (white and gray region).

observe a discontinuous drop by ∼58% in magnetization of
the LSMO film. Interestingly, when the temperature reaches
to the O → R phase-transition temperature at 186 K, the
magnetization jump changes its direction (abrupt increase
∼211%). The value of % jump (increase) or % drop (decrease)
is defined by [(Mf − Mi)/Mi] × 100, where Mi and Mf are
the magnetization values just before and after the transition,
respectively, as marked in Fig. 3(a). When we collect the M-T
data in the FCW cycle, we again observe distinct magneti-
zation changes at 194 and 284 K with different magnitude

FIG. 2. Polarization microscopy images of the different ferroelec-
tric stripe domain of LSMO/BTO thin film when the BTO substrate
is in (a) the orthorhombic (O) phase and (b) the rhombohedral (R)
phase.

corresponding to the R → O and O → T phase transitions,
respectively. The shift in transition temperature in the heating-
cooling cycle arises due to thermal hysteresis behavior of the
first-order structural phase transition of BTO [10,11]. It should
be noted that such abrupt changes in the magnetization are
not the characteristics of LSMO; for instance, when LSMO is
grown on an SrTiO3 (STO) substrate under a similar condition,
M-T does not show any sharp discontinuity, as shown in the
inset of Fig. 3(a). This clearly highlights that the magnetic

FIG. 3. Magnetization vs temperature (M-T) behavior under
50 Oe field-cooled cooling (black arrow) and field-cooled warming
(red arrow) cycles when the applied field is (a) parallel to the b [010]
direction and (b) parallel to the a [100] direction. The inset of (a)
shows the M-T of the epitaxial LSMO thin film grown on STO (001)
measured at 50 Oe.
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FIG. 4. Normalized magnetization M-H loop at different
magnetic-field orientation 0˚ to 360˚ at (a) 286 K (T phase), (b)
192 K (O phase), and (c) 176 K (R phase). Angular dependence of
normalized remanence magnetization (Mr/Ms) at these temperature
values is shown in the form of polar plots.

properties of LSMO are coupled to the BTO structural tran-
sition and also mimic the first-order phase transition of the
BTO.

Intriguingly, when we applied the same magnetic field along
the [100] direction and recorded the data in the FCC cycle
[Fig. 3(b)], we observed the distinct jump and drop at 279
and 186 K, respectively, in contrast to the respective drop
and jump observed when a magnetic field was applied along
the [010] direction. The change in sign of the magnetization
jump with changing the applied field direction from the
[010] to [100] direction suggests that at the interface, lattice
distortion in the LSMO layer induced by the structural phase
transition of BTO substrate also affects the in-plane magnetic
anisotropy. These observations clearly establish the induced
magnetoelastic properties of the LSMO layer due to transfer
of the strain via BTO substrate. This strain-induced distortion
might be reorienting the magnetization vector from one easy
axis to another easy axis [13].

To further explore this switching or reorientation phe-
nomenon, we performed in-plane angle-dependent magne-
tization versus applied field (M-H) measurements of the
LSMO/BTO heterostructure, as shown in Figs. 4(a)–4(c), at
different temperature values of 286, 192, and 176 K, corre-

sponding to the T, O, and R phases of BTO, respectively.
Subsequently, we shall denote the T, O, and R phases to
represent the phase of BTO for the LSMO/BTO heterostructure
at that respective temperature. Distinct variation in M-H loop
shapes clearly reveals that strain-induced lattice distortion
arising due to the successive phase transition of BTO modi-
fies the magnetic anisotropy [27]. These results also clearly
indicate that the lattice distortion in the LSMO layer caused
due to BTO structural transitions gives rise to a magnetoelastic
effect in the LSMO layer. At room temperature, when BTO
is in the T phase, we observe an inverse hysteresis loop in
a wide in-plane angular range from 0˚ to 360˚, as shown in
Fig. 4(a). The decreasing branch [shown by arrow in Fig. 4(a)]
cuts the horizontal axis at a positive H value with negative
remanence and these features are symmetric for increasing the
field branch, which cuts the horizontal axis at negative field
with positive remanence akin to inverse hysteresis behavior.
These types of unconventional hysteresis loops were observed
for SrRuO3-LSMO superlattices and for the NiFe thin film
[28,29]. In the case of the LSMO/BTO system, the observed
inverse hysteresis is suggestive of the modulation of spin
configuration, which arises because of regular stripe patterns
of the a-c domain of the tetragonal phase of BTO coupled with
the LSMO film.

Normalized remanence Mr/Ms as a function of the ap-
plied magnetic-field orientation in the form of polar plots is
displayed in Figs. 4(a)–4(c) in the T, O, and R phases of
BTO, respectively. The Mr/Ms plot at 286 K clearly shows the
fourfold symmetry in the T phase with two uniaxial magnetic
easy axis ET 1 and ET 2 around ∼45◦ away from the hard axis
[100]. Thus the magnetic easy axis of LSMO in the T phase
of BTO orients along the [110] and [1–10] direction of BTO,
arising from the epitaxial nature of the film with BTO and
the presence of a-c domains. It should be noted here that the
coercivity is not changing with in-plane rotation angle. With
decreasing the temperature when the system enters into the O
phase, the magnetic anisotropy changes and huge enhancement
in coercivity from 20 Oe at 286 K to 400 Oe at 192 K
is observed, as shown in Fig. 4(b). The fourfold symmetry
behavior of Mr/Ms switches to the twofold symmetry with
easy axis Ao along the [100] direction of BTO. When the
temperature is further decreased to the R phase, the twofold
symmetry of the magnetic anisotropy dramatically disappears
and the system becomes almost isotropic [see Fig. 4(c)], owing
to the highly symmetric structure of the R phase of BTO [7].
But in Fig. 4(c), small variation in Mr/Ms is observed at 60˚ so
there is a weak anisotropy with an easy axis ER . The switching
of the symmetry of magnetic anisotropy is concomitant with
the observed abrupt changes in the magnetization at the
transition temperature and further indicates the strain-induced
magnetoelastic effect in the LSMO/BTO hybrid structure.
Such magnetization switching has prospects in various device
applications.

After observing the magnetic switching nature of LSMO
film on BTO substrate in the M-H behavior, as discussed above,
we now discuss the observation of magnetization switching
behavior in M-T. When we record the M-T behavior under
50 Oe applied magnetic field parallel to the [010] direction,
the magnetization vector is along easy axis ET 1 in the T
phase. However, when the system enters into the O phase, the
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FIG. 5. Magnetization vs temperature (M-T) behavior in FCC and
FCW cycles at different applied magnetic field values (a) parallel to
the [100] direction and (b) parallel to the [010] direction.

magnetization vector reorients from ET 1 to another magnetic
easy axis Ao, resulting in a drop in magnetization. Upon
further cooling, when the system turns in the R phase, the
magnetization vector orients along weak easy axis ER , which
is closer to the H direction than Ao [Fig. 4(c)], resulting in a
jump in magnetization. More interestingly, it is important to
note that the hysteresis loop throughout the O phase shows the
combined soft and hard phase like double coercive behavior,
which is clearly seen in Fig. 4(b) [30]. Therefore, in the O
phase, a fraction of magnetic moments is still trapped along
EH (a hard axis in the O phase), which will require a higher field
value to release and align in the direction of the field. However,
the measurement is performed at 50 Oe field, which is less than
the coercive field (HC = 100 Oe) of the hard magnetic phase.
Therefore, when sample enters into the O phase, a drop in
magnetization is observed. When we applied 50 Oe along the
[100] direction, the magnetization vector is along easy axis
ET 1 in the T phase. When the system enters into the O phase,
the magnetization vector reorients from ET 1 to magnetic easy
axis Ao, causing a rise in magnetization. When the system
turns in the R phase, the magnetization vector orients along
weak easy axis (ER) of the R phase [Fig. 4(c)], leading to a
drop in magnetization.

The FCC and FCW cycles in M-T measurements at different
fields applied parallel to the [100] and [010] directions are
shown in Figs. 5(a) and 5(b), respectively. In MT behavior,

when the magnetic field is applied along the [100] direction,
we observed distinct sharp jumps (T → O) and drops (O →
R) in the FCC cycle, as we discussed earlier. When the field
is increased to 300 Oe, the magnitude of the magnetization
drop in the transition O → R decreases and, at higher field
value of 800 Oe, these jumps completely disappear. When we
record the FCC MT data at 1000 Oe, very interestingly, the
distinct discontinuity at the O → R phase transition changed
its sign, shown by arrow in Fig. 5(a). In the FCW cycle, this
inflection point (the field value at which the magnetization
discontinuity changes its sign) in magnetization is observed to
occur at the intermediate field between 50–300 Oe, shown by
an arrow. Such switching of the sign in the field magnetization
direction provides a signature of field-induced modification
in the direction of the magnetization vector when the applied
field is along the [100] direction. When M-T is recorded at
different magnetic field values from 50 to 800 Oe along the
[010] direction, there is only a change in the magnitude of the
distinct jump around the O → R phase transition of BTO, not
the sign.

We mention here that we also performed temperature-
dependent magnetic force microscopy (MFM) using the
low-temperature MFM from the Autocube system on the thin
film of LSMO at different temperature values corresponding to
the different phases of the BTO substrate. However, since the
magnetic domains are aligned in the film plane, the stray field
perpendicular to the film surface is very weak and it is difficult
to conclusively detect its distribution on the film surface.

C. Electric-field effect on magnetic properties

So far it is apparent that the magnetic properties of LSMO
are strongly modified by the structural phase transition of BTO
via magnetoelastic coupling at the interface. It has been shown
earlier that under the application of sufficient electric field,
most of the ferroelectric domains in BTO are aligned along the
field axis and, therefore, BTO transforms from a mixed (a,c)
domain state to a highly populated homogeneous c domain
configuration. Such modification is known to have implications
on the strain-dependent magnetic properties of the magnetic
layers grown over the BTO substrate [31,32]. Thus we carried
out electric-field-dependent magnetization measurements to
look into the effect of electric-field-driven modulation in the
magnetization of LSMO film. The in situ electric field was
applied perpendicular to the LSMO/BTO heterostructure after
preparing the gold pads on film and bottom of the substrate
(500 μm thick) through copper wires connected by silver
paste, as shown by the schematic in Fig. 6(a). M-T behavior
under the 50 Oe applied magnetic field along the in-plane [100]
direction at different applied electric-field values of 2 and
8 kV/cm are shown in Figs. 6(b) and 6(c). It is observed that at
2 kV/cm electric field, the change in magnetization behavior
with respect to the zero electric-field value is very small
and visible only in the FCW cycle close to the R-to-O phase
transition, as shown in the inset of Fig. 6(b). However, when the
electric-field value is increased to 8 kV/cm, the magnetization
behavior changes drastically, as shown in Fig. 6(c). It is
evident that the magnitude of the jump at 183 K is reduced in
the FCC cycle, whereas the sign of jumps in the FCW cycle
is completely inverted [see Fig. 6(d)]. Also, at 277 K, the sign
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FIG. 6. (a) Schematic of electric-field-dependent magnetization measurements. (b), (c): M-T behavior of a heterostructure without electric
field and with electric field of 2 and 8 kV/cm, respectively. The insets in (b) and (c) show the close view of field-induced changes in the
magnetization around the R-to-O and O-to-T phase, respectively. (d) A close view of electric-field-dependent M-T around the O-to-R phase
transition. In-plane magnetization hysteresis loop with 0, 2, and 8 kV/cm electric field at temperatures (e) 210 K and (f) 290 K. The inset of
(e) shows the in-plane and out-of-plane MH at 210 K without application of the electric field.

of the jump in the FCC cycle is changed by application of 8
kV/cm electric field and in the FCW cycle the jump vanishes,
as shown in the inset of Fig. 6(c). These findings point
towards the change in magnetic anisotropy of LSMO, when
an 8 kV/cm electric field is applied across the LSMO/BTO
heterostructure.

The modulation in magnetic anisotropy is also reflected
from the magnetic hysteresis behavior of LSMO film recorded
at different temperature values of 2 and 8 kV/cm electric
field, as shown in Figs. 6(e) and 6(f). Figure 6(e) shows the
in-plane magnetic hysteresis loop under the different applied
electric field 2 and 8 kV/cm perpendicular to the film surface
at 210 K. It is evident that with the electric field, coercivity
gradually decreases. Overall, up to 55% coercivity change
(�H/H ) and 36% change in squareness (Mr/Ms) of the loop
are achieved with 8 kV/cm electric field at 210 K (O phase).
The in-plane M-H loop observed at 8 kV/cm is similar to the
M-H loop recorded when the magnetic field was along the
out-of-plane direction without electric field, as shown in the
inset of Fig. 6(e). This indicates that with the electric field,
LSMO magnetic moments tend to align along the easy axis
direction. Similar changes in the in-plane MH behavior are
observed at 290 K (T phase) in the presence of electric field,
as shown in Fig. 6(f). Interestingly, the crossover in the loop at
a lower magnetic field range tends to merge with decrease in
coercivity under the application of electric field. It should be
recalled here that in zero electric field, the M-H loop at 290 K
was that of an inverse hysteresis behavior and was ascribed to
the complex distribution of strain states arising due to stripe
domains, which in the electric field is redistributed, with c

domains being more populated.

We now discuss the possible reasons behind the observed
electric-field-dependent magnetization behavior of LSMO film
on BTO substrate. The applied electric field, which is perpen-
dicular to the film surface (i.e., along the c axis of the BTO)
leads to elongation of the out-of-plane lattice parameter (c)
and contraction of the in-plane lattice parameter (a) of BTO,
due to its positive longitudinal (d33) and negative transverse
(d31) piezoelectric coefficients, respectively [33]. Therefore,
the electric-field-induced contraction in the in-plane lattice
parameters of BTO alters the in-plane substrate-induced strain
at the interface between LSMO film and BTO substrate, which
results in the observed changes in magnetization behavior via
magnetoelastic coupling. The magnetoelastic energy giving
rise to a uniaxial anisotropy is given by the expression EME =
3
2λσ sin(2θ ), where λ is the magnetostriction constant, σ

is the stress, and θ is the angle between the spontaneous
magnetization and stress directions [34]. For LSMO, λ is
positive [35] and, therefore, σ < 0 (compressive strain) favors
θ = π/2 (moment alignment is perpendicular with the stress
axis), whereas σ > 0 (tensile strain) favors θ = 0 (moment
alignment is parallel with the stress axis). Without application
of the electric field, LSMO film is under the in-plane tensile
strain, which leads to in-plane easy axis and out-of-plane
hard axis. This is also reflected from the comparison of the
out-of-plane and in-plane MH loop recorded at zero electric
field at 210 K [inset of Fig. 6(e)], which clearly reveals lower
saturation magnetic field for in-plane than out-of-plane MH.
It has also been argued earlier that with the application of
electric field, the charge-mediated magnetoelectric coupling
at the interface of the FM/FE heterostructure would lead to
electronic charge modulation (depletion and accumulation at
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FIG. 7. Temperature dependence of resistivity (ρ) of LSMO/BTO
without magnetic field and 8 T applied longitudinal magnetic fields
along the in-plane [001] direction. The inset shows the zoomed view of
ρ-T behavior in the heating/cooling cycle around the phase transition
of BTO.

the interface) via different polarization configuration of the
FE layer [8]. Molegraaf et al. also reported that in such
scenario, the magnetic moment and the Curie temperature are
affected [36]. However, in our study, we do not observe any
change in saturation magnetization or Curie temperature in
magnetization behavior recorded at 0, 2, or 8 kV/cm electric-
field values, suggesting that the observed changes arise due
to modulation in interface strain between LSMO and BTO
causing changes in magnetic anisotropy. The contribution of
interface charge carrier density in the present study may not
be as dominant as in the studies by Molegraaf et al. and Vaz
et al. due to rather thicker film (25 nm) in the present study
than those used in previous studies [8,36].

D. Electrical-transport properties

The electrical resistivity (ρ) versus temperature behavior of
heterostructure under the zero and 8 Tesla applied longitudinal
magnetic field is shown in Fig. 7. It is observed that LSMO
film shows the metal-insulator transition (TMI ) at 243 K. This
TMI is much lower than the 350 K observed for the bulk
LSMO layer. While Tc is comparable to the bulk value, TMI is
quite low, possibly due to lower thickness of the LSMO layer
(∼25 nm), which could be under BTO substrate-induced strain.
Interestingly, the sharp jump in resistivity is observed when the
BTO substrate crosses the T → O structure phase-transition
temperature (280 K). When BTO enters into the R phase at
∼183 K, resistivity drops abruptly. At the low-temperature
region (below 50 K), the film shows the upturn in resistivity
with decrease in the temperature. In the warming cycle also,
such discontinuous jump in resistivity appears around the
R → O structural phase transition, though with opposite sign
of change in resistivity and discontinuous drop around O →
T phase transition. Such dependence was also observed in
previous reports [18,24]. In the heating cycle, discontinuous
jump and drop appear at the slightly higher temperature
because of the thermal hysteresis nature of the first-order

structural phase transition of BTO. When we performed the
ρ versus T measurements under the 8 Tesla magnetic field, the
metal-insulator transition shifted towards higher temperature.
The distinct jumps and drops around the structural phase-
transition temperature of BTO are suppressed in the presence of
external field, though not completely. However, the resistivity
jump around the R → O phase transition observed in the
zero-field ρ-T behavior turned into drop by applying the 8 T
magnetic field, as shown in the inset of Fig. 7. These findings
further highlighted that the electrical and magnetic properties
of the LSMO layer are hugely affected by the underlying BTO
substrate via magnetoelectroelastic coupling. We emphasize
here that the surface-induced cracking is not an issue because
the reversible behavior of resistivity observed in many thermal
cycles clearly indicates that it is associated with the intrinsic
behavior of the film.

E. X-ray absorption study

To better understand the observed modulation in the
magnetic- and electrical-transport properties of LSMO due
to BTO-induced strain and its anisotropic nature, we probe
its electronic structure using x-ray absorption spectroscopy.
It is well known that in 3d transition-metal (TM) oxides,
the features in XANES at the O K edge are related to the
covalent mixing of metal and oxygen states, and give the
information about transition from the oxygen 1s orbitals to
unoccupied O 2p-TM 3d hybridized states [37]. As discussed
earlier, the LSMO film reveals pseudomorphic growth on BTO
substrate and also escorts the a, c domains of the underlying
substrate. Using a synchrotron source, a linear polarized light
can probe the density of the unoccupied state in the direc-
tion of electric-field vector (E); therefore, linear dichroism
(LD) in x-ray absorption spectroscopy (XAS) is an excellent
tool to probe the orbital ordering in LSMO epitaxial film
[38–40]. Therefore, we have performed room-temperature
XAS measurements at the O K edge with linear polarized light
in two different configurations: (i) photon polarization vector
(E) perpendicular to the c direction (E⊥c) of the a domain
(for the c domain, this configuration will yield E‖a) and (ii) E
parallel to the c direction (E‖c) of the a domain (for the c do-
main, this configuration will yield E‖b). This is performed by
rotating the sample in-plane by 90°, as shown in the schematics
in Fig. 8(a). The intensity of XAS in these configurations is
represented as I⊥ and I‖, respectively. The LD is calculated by
taking the intensity difference (I⊥ − I‖) between the two XAS
spectra.

The normalized O K-edge spectra of LSMO/BTO (001) is
shown in Fig. 8(b). Experimental schematics used in recording
the XANES spectra in the two different orientations are shown
in the right section of Fig. 8(a). In the O K-edge spectra,
the features A and A’ from 529–533 eV are attributed to
Mn 3d unoccupied states arising because of the transition
from O1s → O2p, which is hybridized with transition-metal
Mn 3d orbitals. Bands represented by B and C are attributed
to the O 2p overlap with La 5d/Sr 4d and Mn 4sp states,
respectively.

In the two different polarization states, the O K edge
spectra show major changes in the pre-edge features from 528
to 536 eV. These pre-edge features are primarily related to
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FIG. 8. (a) Schematics of interaction of linear polarized x ray
with the different domain of the LSMO layer coupled with the BTO
substrate. Room-temperature XAS spectra taken when the photon
polarization vector (E) is parallel to c and the perpendicular c lattice
of the a domain at the O K edge and LD spectra of LSMO film grown
on single-crystalline (b) BTO substrate and (c) STO substrate.

strongly hybridized t2g and eg orbitals of Mn 3d with O 2p

unoccupied states. These features are very sensitive to orbital
anisotropy, strain, and lattice distortion [41–45]. In Fig. 8(b),
the observed LD shows a negative value in the energy region
528 to 531 eV and positive value close to 532 eV, and is again
negative in the energy region 533 to 536 eV. Even though LD at
the O K edge cannot directly probe the partial density of states
due to hybridization or transition probability issues, it provides
a relative information of Mn 3d orbitals close to the Fermi level
[46]. A thinner sample of LSMO (∼150 u.c.) is also known to
reveal LD signal, when two orthogonal polarized lights were
used as E‖c and E‖a, owing to the octahedral distortion caused
by substrate-induced mismatch [47,41]. However, it should
be noted here that such film will not reveal LD when XAS
is recorded for the E‖a and E‖b configuration. Therefore,
to confirm that the observed LD is indeed due to a-c stripe
domains in LSMO film on a BTO substrate, we performed
similar XANES measurements in the two different photon
polarization configurations E‖c and E⊥c at the O K edge on

relaxed epitaxial (001) LSMO film (∼300 nm) grown on cubic
SrTiO3 (001) substrate, as shown in Fig. 8(c). Such film shows
a unidirectional arrangement of unit cells along the c axis and
does not have bidirectionala-c-type stripe domains as observed
when grown on the BTO (001) substrate. It is evident that
such film does not reveal any notable LD. These observations
exclude the possibility of any artifacts and confirm that the
observed LD signal arises due to the presence of a-c stripe
domains.

From these discussions, it is evident that the structural
transition of BTO significantly modifies the structural, elec-
trical, magnetic, and electronic properties of LSMO. The clear
LD signal at the O K edge reveals the anisotropic nature of
hybridization of Mn-3d and O-2p states due to the a-c stripe
domains. Such rare coupling along different degree of freedom
such as charge, spin, and lattice provides a unique platform
to maneuver the electrical and magnetic properties of FM
materials such as LSMO using FE domains of BTO through
epitaxial interfaces.

IV. CONCLUSIONS

In summary, the epitaxial thin film of LSMO is grown
on a single-crystalline ferroelectric BTO substrate by pulsed
laser deposition. We have shown that when the BTO sub-
strate undergoes characteristic successive structural phase
transitions, strain induced by the lattice distortion leads to
discontinuous jumps in the magnetization and resistivity of the
LSMO film. Polarization microscopy and RSM measurements
clearly demonstrate that a-c domains of BTO are imprinted
in the LSMO layer. The large variation in coercivity and
sudden switching of symmetry of magnetic anisotropy were
observed from fourfold to twofold symmetry followed by
twofold to almost isotropic, when BTO passes through T-to-O
and O-to-R phase transitions, respectively. The switching of
BTO domains along the c axis in the applied electric field
alters the in-plane substrate-induced strain at the interface
between LSMO film and BTO substrate, which modifies the
magnetoelastic anisotropy energy and changes the magnetic
easy axis direction from in plane to out of plane. Because of
a-c domains in the film, our XLD experiments reveal that
the hybridization strength of O 2p with Mn 3d orbitals is
different in the two in-plane directions. The magnetoelastic
coupling of ferroelectric domains with ferromagnetic layer
and such sharp magnetization anisotropy switching in the
manganite-based FM/FE heterostructure via strain-induced
distortion have tremendous prospects for application purposes
in memory devices.
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