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Engineering exchange bias at the interface of self-polarized ultrathin ferroelectric
BaTiO3 and ferromagnetic La0.67Sr0.33MnO3
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We investigate the emergence and optimization of conventional exchange bias (EB) in ultrathin
(<10 nm) ferroelectric (FE) BaTiO3 (BTO)/ferromagnetic (FM) La0.67Sr0.33MnO3 (LSMO) epitaxial
bilayers without an antiferromagnetic (AFM) material. The EB originates from the electronic orbital
reconstruction at the FE-FM interface due to the ferroelectric polarization. We achieve maximum EB
of approximately 42 Oe with single-domain polarization in nine-unit-cell-thick BTO, setting the BTO
thickness above the critical threshold for ferroelectricity yet below the thickness of strain relaxation and
multidomain breakdown. Furthermore, the LSMO layer needs to be thick enough to sustain both the FM
layer and polarization-induced AFM spin configuration at the LSMO/BTO interface, yet as thin as pos-
sible to enable the EB loop shift. The temperature, training, field, and thickness dependence of the EB
confirm that the LSMO/BTO interface exhibits conventional EB despite its unconventional origin. Using
x-ray magnetic circular dichroism, scanning transmission electron microscopy, and density-functional-
theory calculations, we confirm that the macroscopic EB effect originates from the interfacial AFM spin
configuration in LSMO driven by FE-induced d-orbital modifications in interfacial Mn ions. Thus, we
engineer strong interfacial EB coupling in artificial multiferroics without a conventional AFM material by
controlling FE polarization, highlighting the potential for advanced spintronic applications.
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I. INTRODUCTION

Engineering charge and spin degrees of freedom in
atomically perfect lattice-matched interfaces of transition
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metal perovskites has enabled advances in spintronics
research. New ferroic states emerge at the interfaces of
artificial multiferroics by either introduction of magneti-
zation into the ferroelectric (FE) layer [1] or introduction
of polarization in the ferromagnetic (FM) layer [2,3].
The direction of FE polarization towards or away from
the interface with the FM layer plays a crucial role in
modifying the active d-orbital electronic states at these
interfaces [4,5]. For instance, FE polarization has been
shown to induce crystal and electronic reconstructions at
the FM-FE interface leading to magnetic reconstruction
within the FM layer [6–10]. Such magnetic reconstruc-
tion at atomically sharp interfaces can result in multifer-
roic, magnetoelectric, and exchange bias (EB) couplings
[11,12].
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Conventional EB—a lateral shift of the magnetic hys-
teresis (MH ) loop in the negative (positive) field direction
when cooled in a positive (negative) field through the Neel
temperature (TN)—is often observed at the interface of
FM [e.g., La0.7Sr0.3MnO3 (LSMO)] and antiferromagnetic
(AFM) (e.g., BiFeO3) layers [13]. However, apart from
a conventional FM-AFM interface, EB is also observed
to arise from an unconventional origin in the absence of
a distinct AFM layer, such as in a paramagnetic LaNiO3
and FM LaMnO3 superlattice [14], FM LSMO and non-
magnetic La0.7Sr0.3CrO3 heterostructures [15], and single-
phase FM films [16,17]. Such EB emerges from orbital
reconstruction, charge transfer, or inhomogeneous mag-
netic phases, and which holds significance for various
modern nanoscale micromagnetic device applications such
as spin valves, spin filters, quantum magnets, etc. [18–20].
Some reports have also shown EB in artificial multifer-
roic FM-FE bilayer structures due to the formation of a
few-nanometer-thick magnetic dead layer or antiferromag-
netic layer between the heterointerfaces of FE and FM
layers [21,22]. On the other hand, some reports of magne-
toelectric states at the FE-FM interface have demonstrated
the formation of the AFM spin configuration (↑↓) in the
interfacial magnetic layer from FE polarization [7–10], but
without showing its effect on the macroscopic EB. There-
fore, there is still a lack of understanding of the nature
and optimization of the strength of macroscopic magnetic
effects such as EB arising at such interfaces from the FE
polarization. Furthermore, the optimization of FE polar-
ization and individual layer thicknesses to obtain tunable
EB have not been shown so far. Properties of both FE and
FM layers are highly sensitive to thickness in the ultrathin
regime (<10 nm), yet critical in obtaining a significant EB.
For example, polarization and magnetization in ultrathin
perovskite FE and FM are only stabilized above a critical
thickness. Furthermore, FE often exhibits a multidomain
state with lower net polarization at thicknesses above strain
relaxation [23].

In this report, we engineer a conventional strong EB
coupling (approximately 40 Oe at 2 K) at the interface of
fully strained, epitaxially grown ultrathin (<10 nm) FM
LSMO and FE BaTiO3 (BTO) bilayers on TiO2-terminated
SrTiO3 (STO) substrates in the absence of a conven-
tional AFM material. The EB increases with decreasing
thickness (tFM) of LSMO to a maximum of 42 Oe for
tFM ∼ 7-unit-cell (u.c.) LSMO. Similarly, the EB is max-
imized for an optimized BTO thickness of 9 u.c., but
decreases below the FE critical thickness (3/4 u.c.), below
which the film is nonpolar [24]. Interestingly, the EB also
decreases for higher BTO thicknesses (25 u.c.) due to
the formation of a multidomain state and thus lower net
polarization. We further consolidate the microscopic pic-
ture of the EB at the LSMO/BTO interface in optimized
heterostructures. We show a proximity effect between
interfacial Ti and Mn atoms by x-ray magnetic circular

dichroism (XMCD) measurements at 2 K. We observe
that the Ti4+ ions in BTO show ferromagnetism that is
switchable on reversing the direction of the magnetic field.
Experimental scanning transmission electron microscopy
(STEM) observations and density-functional-theory (DFT)
calculations reveal crystal-structure changes at the inter-
face: an approximate 4% displacement of Ti4+ ions away
from the interface promoting the displacement of Mn4+

ions towards the interface in the interfacial (2–3 u.c.)
interlayer of the LSMO layer. DFT calculations unam-
biguously identify that polarization in BTO modifies the
d-orbital occupancy of interfacial Mn and leads to an AFM
spin configuration of Mn4+ ions at the FM-FE interface.
The strong EB effect (approximately 40 Oe at 2 K) is
thus attributed to the coupling of the FE-induced interfa-
cial AFM interlayer in LSMO and adjacent FM layer in
LSMO. Overall, a strong interfacial conventional EB is
engineered in LSMO/BTO bilayer films by thickness opti-
mization in the absence of a conventional AFM material
from strain-induced polarization.

II. RESULTS AND DISCUSSION

We deposited bilayer films (LnBmS and BmLnS) of
LSMO (L) and BTO (B) (n and m are the number of unit
cells of LSMO and BTO, respectively) on TiO2-terminated
STO substrate (S) by pulsed laser deposition (PLD) (details
in Appendix A). For LnBmS, BTO was first deposited on
the STO substrate and then LSMO was deposited on top of
the BTO. For BmLnS, films were deposited in the reverse
order. X-ray diffraction (XRD) measurements and high-
resolution high-angle annular dark-field (HAADF) STEM
images confirm the epitaxial growth of the films (see
Appendix B, Fig. 6). To understand the effect of thick-
ness on the interfacial magnetic properties, we investigated
samples (LnB9S) with five different thicknesses of LSMO
(n = 4, 7, 14, 28, and 50 u.c.) with a fixed thickness of BTO
(m = 9 u.c.). We also deposited reference samples B25L14S
with thicker BTO (25 u.c.) and B3L14S with thinner BTO
(3 u.c.) with a fixed thickness of LSMO (14 u.c.) to study
the impact of BTO thickness.

Despite the absence of a conventional antiferromag-
netic layer, we observed a significant EB in LnB9S/B9LnS
(n ≤ 14) bilayers. The minimum step of measurement
was taken to be 2 Oe to accurately measure the EB.
EB decreased with increasing LSMO thickness (tFM)
[Figs. 1(a) and 1(b) and see Appendix C, Fig. 8], closely
following HE ∝ t−1

FM [25]. L14B9S exhibits no EB shift as
LSMO loses ferromagnetism at such low thicknesses [26].
However, L7B9S and L14B9S/B9L14S show the most promi-
nent EB of approximately 40–50 Oe. The MH loop for
L7B9S shows noise as the magnetic moment is too low
for the sensitivity of the superconducting quantum inter-
ference device (SQUID). Hence, we considered sample
L14B9S for the detailed magnetic study.
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FIG. 1. (a) Significant exchange bias (EB) is observed for L14B9S [where L represents La0.67Sr0.33MnO3 (LSMO), B represents
BaTiO3 (BTO), S represents SrTiO3 (STO), and the subscripts are the number of unit cells]. FC denotes field cooled and ZFC denotes
zero-field cooled. (b) EB increases with decreasing thickness tFM of LSMO. The EB (H E ∼ 50 Oe) is higher when LSMO is deposited
on STO i.e., B9L14S, than when BTO is deposited on STO (H E ∼ 40 Oe), i.e., L14B9S. H E ∼ 8 Oe is observed when only LSMO is
deposited on STO i.e., L14S.

We next investigated how the EB depends on BTO
thickness, considering BmL14S samples with 9-u.c.-thick
BTO (approximately 50 Oe) and two reference sam-
ples with 25- and 3-u.c.-thick BTO layers. We observed
very low EB (≤11 Oe) in B25L14S with thicker (25 u.c.)
and B3L14S with thinner (3 u.c.) BTO, emphasizing the
importance of an optimized thickness of BTO. To inves-
tigate the cause of the EB changes with BTO thick-
ness in LSMO/BTO bilayers, we evaluated the polariza-
tion and domain state by piezoresponse force microscopy
(PFM) measurements. We studied samples with the bot-
tom LSMO electrode, which was necessary to perform
PFM measurements. The B9L14S sample with optimal EB
is single-domain polarized upwards in the as-grown film,
away from the interface with LSMO, and the polarization
could be reversibly switched by applying a voltage (±4 V)
[Fig. 2(a)]. This suggests that screening sources such as the
p-type carriers in LSMO could be governing the polariza-
tion direction away from the LSMO/BTO interface. The
B25L14S with reduced EB shows an as-grown multidomain
structure, likely resulting from strain relaxation leading
to the flexoelectric effect becoming dominant in deter-
mining the polarization direction (see Appendix D, Fig.
12 and Ref. [27]). The line profiles of the phase images
further confirm that 9-u.c. BTO on LSMO [Fig. 2(b)]
has only two contrast levels: Pup (as-grown and poled
at +4 V) and Pdown (poled at −4 V), whereas 25-u.c.
BTO on LSMO (see Appendix D, Fig. 12) has three con-
trast levels: multidomain (as-grown), Pup (poled at +8 V),
and Pdown (poled at −8 V). Therefore, the 9-u.c. BTO is
single-domain as-grown and 25-u.c. BTO is multidomain
as-grown. To additionally confirm the multidomain behav-
ior of thicker BTO, we performed optical second-harmonic

generation (SHG) [Fig. 2(d)]. The SHG polarizer (α) data
for analyzer β = 90° shows that the SHG response at 90/90
which is most sensitive to out-of-plane polarization, is
stronger for 9-u.c. BTO than for 25-u.c. BTO, indicating
that 9-u.c. BTO has a higher net polarization value. Since
this is contrary to what one expects from size effects, we
confirmed using SHG that the 25-u.c. BTO is multido-
main. Finally, the B3L14S sample shows no PFM response
and insignificant EB. These PFM measurements empha-
size the importance of polarization in the FE layer for EB
optimization. Polarization magnitude and domain state are
stabilized by strain and screening. The epitaxial growth
on STO induces a uniform strain [compression in-plane
(IP) and tension out-of-plane (OP), confirmed by the geo-
metric phase analysis (GPA) discussed later] in the BTO
that induces strong OP FE polarization up to the relax-
ation thickness [28,29]. The strong single-domain OP FE
polarization away from the interface can only be observed
for thicknesses above the FE critical thickness of approxi-
mately 4 u.c. in BTO [30], but below the strain-relaxation
thickness of approximately 10 nm. Hence, to obtain FE
polarization away from the LSMO/BTO interface, we opti-
mized BTO thickness to m = 9 u.c. Thus, we call this
strain-induced ferroelectricity “self-polarized” as the BTO
is single-domain OP polarized in the film without the appli-
cation of an electric field. Thus, the direction-specific BTO
self-polarization plays a key role in the stabilization of the
EB in L14B9S and B9L14S [27,31], making them the focus
of our study.

We compared L14B9S and B9L14S samples to understand
the role of interfaces (LSMO/BTO and LSMO/STO) on
the EB. At 2 K, the EB shifts for L14B9S and B9L14S
are H E ∼ 40 Oe and H E ∼ 50 Oe, respectively, for both
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FIG. 2. (a) Amplitude (left half) and PFM phase (right half) contrasts for as-grown (5 × 5 μm2), after −4 V writing (3 × 3 μm2) and
+4 V rewriting (1 × 1 μm2) at room temperature. Scale bar is 1 μm. (b) Line profiles extracted along 30 pixels [as marked with red in
(a)] of the phase image. The 9 u.c. BTO on LSMO has only two contrast levels: Pup – as-grown and poled +4 V, and Pdown – poled
−4 V. (c) Piezoresponse measured on BTO (9 u.c.)-LSMO (14 u.c.)-STO at room temperature shows the amplitude (blue) and phase
(red) with bias voltage. (d) The SHG polarizer (α) for β = 90◦ is shown for BTO layers of 9 u.c. and 25 u.c. thickness.

positive and negative bias field [Fig. 1 and as given
in Appendix C, Figs. 9(a) and 9(c)]. The higher EB in
B9L14S is due to the additional EB from the interface
of LSMO/STO [16,32]. We confirmed this with a single
layer of 14-u.c. LSMO film (L14S), which shows an EB
of H E ∼ 8 Oe. For the same reason, we observed an EB
of H E ∼ 11 Oe in B25L14S from the LSMO/STO inter-
face. Saturation magnetization (M S) is also reduced from
approximately 300 emu/cm3 (approximately 1.8 µB/Mn)
in the L14S film to approximately 200 emu/cm3 (approx-
imately 1.2 µB/Mn) in the bilayer films (L14B9S/B9L14S)
due to the pinned, uncompensated exchange-coupled spins
at the interface of BTO and LSMO [33]. Hence, we
mainly focused on L14B9S to elucidate the effect of the
LSMO/BTO interface in obtaining an unconventional EB
without an AFM.

The L14B9S film shows the field-cooled (FC) H C
(approximately 720 Oe) to be approximately 90 Oe
higher than the zero-field-cooled (ZFC) H C (approxi-
mately 630 Oe), ascribed to strong interfacial coupling
under the bias field (H cool) [34,35]. The average rema-
nence magnetization (M R) is also increased by 20% from

ZFC to FC due to the modified magnetic state at the
interface, which is discussed later. Further, Fig. 3(a) shows
both H E and H C monotonically decrease with tempera-
ture and reach zero above approximately 150 K [which
matches with the blocking temperature (TB) of L14B9S,
TB ∼ 140 K (see Appendix C, Fig. 9(b))]. Note that the
Curie temperature (TC) of 5-nm LSMO film is around
250 K [36].

The EB training effect shows monotonically decreasing
H E and H C with increasing repeating cycles (N ), indicat-
ing spin rearrangement at the interface [Fig. 3(b)]. After
the sixth cycle, H E is saturated. This fits well with the
empirical law, HEn = HE∞ + kN (−0.5) with k =−26.9 Oe
and HE∞ = −11.8 Oe, confirming pure AFM spin rear-
rangements and a clear signature of the conventional EB
effect at the LSMO/BTO interface [37]. Further, for bias
field (H cool) variation, the H E increases monotonically
to H E = 50 Oe until H cool ∼ 3 kOe and then gradually
decreases for 3 kOe ≤ H cool ≤ 20 kOe [Fig. 3(c)]. This
behavior of H E over H cool is attributed to interfacial mag-
netic interactions being overcome by the Zeeman energy
after reaching a depinning threshold field [38]. Above
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FIG. 3. (a) EB vanishes for temperatures higher than TB ∼ 140 K. (Inset) H C1 and H C2 show systematic change with temperature.
(b) Training effect on EB shows H E and H C decrease with increasing cycle number up to sixth cycle. (c) H E and H C increase until
H cool ∼ 3 kOe where they reach the maximum and then decrease. The H C1 change dominates over H C2 (inset). Red-bordered data
points show the impact on H E and H C of varying the loop tracing field range (H S = ±10 kOe and ±70 kOe).

20 kOe, the changes are not significant. To verify the effect
of loop tracing field range (±H S), we measured the MH
loops with H S=±10 and ±70 kOe for H cool= 10 kOe
and a 70 kOe bias field, respectively, and found that the
field range does not have any appreciable impact on H E
[Fig. 3(c), red-bordered data points]. This confirms that the
±5 kOe field range and the ±5 kOe bias field are suit-
able for investigating this complex EB system. Although
the field range does not affect the H E noticeably, the H C
is slightly increased for the higher field range owing to the
existence of an unusual AFM component at the interface,
showing high magnetic anisotropy, which is modified at
higher magnetic fields. The bias field effect is more in H C1
than H C2 [inset Fig. 3(c)]. The training effect shows simi-
lar behavior (see Appendix C, Fig. 10). This is due to the
nonswitchable exchange-coupled magnetic anisotropy cre-
ated at the interface, which favors the bias field direction
[17,39,40]. Hence, the temperature dependence, training
effect, and field dependence on EB together confirm that
the LSMO/BTO interface exhibits conventional EB effects,
despite its unconventional origin.

We further investigated the crystal and electronic struc-
ture changes at the LSMO/BTO interface to consolidate
the microscopic picture of the EB in optimized heterostruc-
tures. To identify the origin of the AFM layer in the EB
coupling, element-specific magnetic measurements were
carried out. The L7B9S sample (H E ∼ 50 Oe) was chosen,
as this film was sufficiently thin that the LSMO/BTO inter-
face was amenable to the x-ray beam. The XMCD signal
and magnetic polarization of the Mn sites show a promi-
nent XMCD spectra over the L2,3 edges as well as magnetic
hysteresis (as shown in Appendix C, Fig. 11) at 2 K, sim-
ilar to the typical XMCD spectrum, confirming robust Mn
magnetism [41]. In the BTO layer underneath the n = 7 u.c.
LSMO, the observed Ti XMCD signal at 2 K indicates a
net magnetic moment on the Ti sites (originally nonmag-
netic) [Fig. 4(c)] [1,42]. The magnetism of Ti is switchable
from one direction (M+

Ti) to the opposite (M−
Ti) direction

with magnetic field (±20 kOe), similar to Mn. When the

field is removed, the intensity of the Ti spectra decreases,
similar to M Mn

R , suggesting remanence magnetization on
the Ti sites (M Ti

R ). The Ti XMCD spectrum vanishes at
300 K. Owing to signal-to-noise limitations, it was not pos-
sible to obtain a direct MH loop for the Ti sites. XMCD
integrals indicate that the magnetic orientation of both Ti
and Mn is in the same direction (see Appendix C, Fig.
11). Therefore, while magnetized Ti does not contribute to
AFM, it does confirm the proximity effect between Ti and
Mn atoms. This suggests an interface-induced AFM phase
in the Mn sites, that is, within the single LSMO layer.

Next, we performed a GPA analysis from a high-
resolution STEM image of the bilayer film [Fig. 5(a)]. The
epitaxial film has 2.2% compressive and 0.87% tensile IP
strain on the BTO and LSMO, respectively. The IP strain
map shows perfect lattice matching with the substrate. For
volume conservation, the IP strain results in the OP strain
of the BTO/LSMO film lattice based on the OP GPA maps.
The OP strain is different within approximately 5 nm of
the STO substrate compared with that in the rest of the
heterostructure. Within this 5 nm, approximately 3.5 nm is
BTO film, which is highly elongated in the OP direction
due to the higher lattice mismatch with STO. Surprisingly,
4 u.c. (<1.5 nm) of the LSMO film are also structurally
different in terms of OP strain compared to the rest of
the LSMO film. This suggests structural distortions in the
LSMO interfacial unit cells adjacent to the polarized BTO.
As reported before, an EB can occur due to nonunifor-
mity in the magnetic layer, such as a magnetically modified
interfacial pinned layer in a strained epitaxial manganite
thin film near the substrate, distinct from the rest of the film
[16]. Typical thicknesses of such interfacial pinned lay-
ers are between 5 and 10 nm (for 50–60-nm-thick LSMO
films) and the observed EB is approximately 20 Oe at 2 K
[16,17]. According to our GPA analysis, OP strain is dif-
ferent in only 4 u.c. of LSMO and thus it is unlikely that
such a thin LSMO layer can be solely responsible for the
observed high EB. In the thinnest LSMO/BTO film with
EB where the LSMO layer is only 7 u.c., it is not feasible to
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FIG. 4. (a) and (b) XAS of Ti-L2,3 and Mn-L2,3 edges at 2 K after cooling down from 300 K under −20 kOe magnetic field. I+ and
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R ) is observed. The XMCD has no signal at 300 K with
±20 kOe field applied.

have both a pinned or canted region (approximately 4 u.c.,
based on GPA analysis) and a bulk region (the remaining
approximately 3 u.c.) of the film for EB coupling, since
a minimum of 3–4-u.c. LSMO is required to form FM
domains [43]. Concomitantly, we do not observe any hys-
teresis in a 4-u.c. LSMO film. Furthermore, in previous
reports of EB in thicker films resulting from a pinned sur-
face or canted spin layer, a significant change in M S from
ZFC to FC was observed [16], contrary to the present
observation [see Appendix C, Fig. 9(a)]. Certainly, the
complex EB is due to orbital reconstructions at the LSMO
interface induced by the polarization and not by the strain
change in the LSMO alone.

To elucidate the role of BTO at the interface with
LSMO for obtaining the EB effect, we studied the
LSMO/BTO interface using HAADF STEM. The high-
resolution HAADF STEM image shows that Ti atoms are
displaced away (by approximately 4%) from the inter-
face, as expected for an FE layer [Fig. 5(b) upper panel].
Surprisingly, the interfacial Mn atoms additionally dis-
place towards the interface from their centrosymmetric
positions. To investigate the distortions of the MnO6 octa-
hedra near the interface, we performed DFT calculations
(computational details in Appendix E). An appropriate
polarization (approximately 4%) in the BTO pointing
away from the LSMO was considered for calculations
in the LSMO/BTO heterostructure to simulate the PFM
and STEM observations. The DFT results confirm that
the OP Mn—O bond length at the interface shrinks by

approximately 0.23 Å (approximately 4.36%) as com-
pared to the IP bond length in FE BTO/LSMO [Fig. 5(b)
lower panel]. This increases the OP distance between the
first two interfacial Mn atoms, reducing the electron spin
hopping and leading to spin localization within individ-
ual Mn atomic orbitals. Eventually, the double-exchange
mechanism is suppressed and the AFM superexchange
interaction can then dominate between the first two Mn
atoms near the interface [10,44]. The formation of the
AFM layer in LSMO also decreases M S in bilayers com-
pared to LSMO/STO as observed in magnetic measure-
ments. Furthermore, our energetics calculations found that
the ground-state spin configuration of the interfacial Mn
atoms transforms from the FM state to the AFM state only
when the BTO is FE. For centrosymmetric BTO (C BTO),
the interfacial LSMO is most stable in a FM configuration,
emphasizing the importance of ferroelectricity.

The projected density of states (PDOS) depicts dou-
ble degeneracy for the interfacial Mn-eg orbitals, i.e.,
dx2−y2 and d3z2−r2 when BTO is kept centrosymmetric
(C BTO/LSMO heterostructure). In contrast, when BTO
is ferroelectric (FE BTO/LSMO), the MnO6 octahedral
distortions lift the degeneracy, i.e., dx2−y2 becomes more
occupied than d3z2−r2 to suppress the Coulomb repulsion
[Fig. 5(c)]. Further analysis of the PDOS shows that the
degeneracy of interfacial Mn t2g orbitals remains mostly
unaffected by the polarization direction (see Appendix E,
Fig. 13). Moreover, the eg and t2g orbitals of the third
Mn atom from the interface remain almost doubly and
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EDS Maps
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La+Sr green
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FIG. 5. (a) GPA shows fully IP strained LSMO and BTO films. BTO is highly elongated OP causing structural variation in the
adjacent LSMO at the interface. (b) Upper panel: Displacement of Ti and Mn atoms (approximately 4%) observed in HAADF STEM
data (white arrows are guides to the eyes). Lower panel: Enlarged view of the relaxed crystal structure for the FE BTO/LSMO system
calculated from DFT calculations. The white arrow represents the direction of polarization of Ti in BTO. The green (blue) arrows
represent the spin configurations of Mn (Ti), respectively. (c) PDOS of the interfacial Mn atom of C BTO/LSMO (upper panel) and
FE BTO/LSMO (lower panel) for FM and AFM magnetic ground state configurations, respectively.

triply degenerate, respectively (see Appendix E, Fig. 13),
implying that the effect of polarization extends up to
two atomic layers of LSMO, supporting the GPA results.
Further, we observe that a switchable magnetic moment
(>0.002 µB) is induced on the Ti in BTO due to the prox-
imity effect, which is ferromagnetically ordered within the
BTO and within the interfacial Mn atoms, in agreement
with the XMCD results [2]. The induced magnetic moment
(0.002 µB) of Ti is significantly lower than the Mn moment
(approximately 3 µB) and hence does not contribute to
the observation of the EB in macroscopic magnetic mea-
surements. Hence, the observed exchange bias originates
dominantly from the interfacial and bulk LSMO sublayers.
Furthermore, our calculations find no AFM coupling at the
interface of the LSMO/STO heterostructure, which proves
that the LSMO/STO with ultrathin LSMO cannot alone
contribute to the observed strong EB. Therefore, our DFT
calculations indicate that the interfacial AFM coupling is
stabilized as a result of the OP FE polarization in the
BTO layer, causing the EB effect in ultrathin LSMO/BTO
bilayers.

III. CONCLUSION

In conclusion, we engineered an EB effect at the inter-
face of ultrathin (<10 nm) epitaxial films of FM LSMO
and FE BTO in the absence of any conventional AFM
material. We optimized the LSMO and BTO thicknesses
for the maximum EB (approximately 50 Oe) by consid-
ering the high sensitivity of magnetic and FE properties
in the ultrathin regime. The EB significantly decreases for
both thicker (25 u.c.) and thinner (3 u.c.) BTO, empha-
sizing the importance of single-domain polarization in an
optimized thickness of BTO. As a result of the epitax-
ial strain in the ultrathin films, BTO is single-domain

self-polarized away from the interface in the absence of
any external electric field. Furthermore, an optimal LSMO
thickness of 7–14 u.c. allows for stabilization of both
FM and AFM configurations. Though the observed EB
is unconventional in origin, resulting from polarization-
induced interfacial AFM spins, its nature is conventional
in FM thickness, temperature, field, and training depen-
dence. Element-specific XMCD confirms the presence of
a switchable magnetic moment on the interfacial Ti sites
of BTO at 2 K owing to the proximity effect with LSMO.
We show a stabilized AFM phase due to the crystal
and electronic structure distortion of interfacial Mn atoms
driven by the BTO polarization, which enables the EB
at the interface of epitaxial ferromagnetic and ferroelec-
tric thin-film heterostructures. Our findings show a way to
optimize reconfigurable interfacial magnetic states using
ultrathin epitaxial film interfaces without external stim-
uli. This gives future opportunities for advanced energy-
efficient multifunctional nanoscale magnetoelectric mem-
ory devices and sensors.

All the experimental and calculation data that support
the findings of this study are available from the corre-
sponding authors upon reasonable request. All the codes
used for this study are available from the corresponding
authors upon reasonable request.
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APPENDIX A: SAMPLE PREPARATION

The samples were prepared by PLD. LSMO/BTO
bilayer films were grown on TiO2-terminated STO (001)
substrates. The layer-by-layer growth was controlled
by the reflection high-energy electron diffraction tech-
nique. Two different combinations of LSMO/BTO and
BTO/LSMO on TiO2-terminated STO (LnBmS and BmLnS,
where n and m are the layer numbers of LSMO and
BTO, respectively) were grown to understand the effect of
the materials’ interfaces. LSMO and BTO sublayers were
deposited at 780 °C and 100 mTorr oxygen partial pressure
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FIG. 6. Structural properties of the different films of this study. (a) The XRD intensity vs 2θ (b) and reciprocal space map show
fully epitaxial growth of the samples, which is further supported by HRTEM images and GPA analysis. This clearly shows epitaxial
behavior of the films where BTO and LSMO are fully strained by the STO substrate. (c) Atomic force microscopy images show
the surface morphology of BTO and LSMO single and bilayer films (border colors are matched with the XRD plots). The atomic
force microscopy image clearly shows atomic terrace separated by a step of approximately 4 ± 1 Å, which confirms two-dimensional
epitaxial growth of the films. The layer-by-layer growth was controlled by reflection high-energy electron diffraction.
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and 780 °C and 10 mTorr oxygen partial pressure, respec-
tively, from the chemical stoichiometric ceramic targets by
using the KrF excimer laser (248 nm) at a laser fluence
of 2 J cm−2. After growth, the films were cooled down to
room temperature under an oxygen pressure of 300 Torr.

APPENDIX B: STRUCTURAL ANALYSIS BY XRD
AND STEM

Film structures and surface morphologies were investi-
gated by XRD using a high-resolution x-ray diffractome-
ter (Empyrean, PANalytical, Netherlands) using Cu Kα

radiation (λ = 1.5405 Å) and atomic force microscopy,
respectively (Fig. 6).

For structural investigation of the films by STEM, a FEI
TitanTM G2 80–200 STEM with a Cs probe corrector and
ChemiSTEMTM technology (X-FEGTM and SuperXTM
EDS with four windowless silicon drift detectors), oper-
ated at 200 kV, was used. HAADF STEM imaging and
STEM energy-dispersive x-ray spectroscopy (EDS) were
used for structural and chemical analysis, respectively.
EDS spectral image data were acquired in the STO [100]
zone axis with an electron probe of size <0.18 nm, con-
vergence angle of 17.1 mrad, and current of approximately
100 pA. HAADF images were recorded under similar opti-
cal conditions using an annular detector with a collection
range of 60–160 mrad. The atomic-scale STEM EDS maps
indicate that the LSMO/BTO interface is quite sharp with
possible atomic steps and without any significant diffusion

(see Fig. 7). There is a possibility of <1.0 u.c. intermixing
(including both geometric and chemical effects), which is
acceptable for the investigation [2,13].

APPENDIX C: MAGNETIC MEASUREMENTS

The magnetic measurements were carried out in a Quan-
tum Design MPMS3 SQUID magnetometer. All samples
were demagnetized at room temperature by a proper
demagnetized protocol before each measurement. The
superconducting magnet of the magnetometer was reset
to remove any stray field in the magnetometer before
each set of measurements. The magnetic field was always
applied in-plane to the sample. For the EB measurement,
the samples were cooled down from 350 to 2 K with-
out a magnetic bias field and an MH loop was measured
at 2 K. This is called the ZFC measurement. Then the
sample was warmed up and cooled down from 350 to
2 K with a magnetic bias field (positive and negative) and
an MH loop was measured. This is called the FC mea-
surement. The field range of the MH loop was at least
±5 kOe to ensure the magnetic saturation of the samples.
For the positive bias field (+FC), the MH loop measure-
ment starts at +5 kOe and for the negative bias field
(−FC), the MH loop measurement starts at −5 kOe. A
small step size was taken near the origin to measure the EB
shift precisely. The region near the origin of MH loop is
enlarged to show the magnitude of the EB clearly (Fig. 2).
The EB shift (H E) was given by (H C1− H C2)/2 while the

HAADF

EDS Maps
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Mn blue; Ti cyan
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FIG. 7. Structural investigation by STEM. Cross-sectional high-resolution STEM image of LSMO(n = 14 u.c.)/BTO(m = 9 u.c.) on
STO substrate grown by PLD. The EDS map shows the clean interface between LSMO and BTO. Since both BTO and LSMO are
fully strained, the interfaces are not clearly visible in HAADF STEM image.
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coercivity (H C) was given by (H C1+ H C2)/2, where H C1
and H C2 were the magnetic fields (signs are included) cor-
responding to the field points in descending and ascending
branches of the MH loop at which the magnetic moment
reached zero. The observed EB is in the negative (posi-
tive) field direction when cooled with a positive (negative)
bias field. Hence the observed EB is negative in type. The
MT measurement was also carried out to identify the phase
transition, if any (Fig. 9). The EB training effect was done
where a number (N ) of hysteresis loops were measured at
2 K after field cooling from 350 K with a 5 kOe bias field
(Fig. 10). For bias field dependence on EB, the bias field
was varied from 100 Oe to 70 kOe and MH loops were
measured with a ±5 kOe field range (Fig. 10).

The element-specific magnetism of the individual lay-
ers and its profile at the interfaces were investigated by
XMCD at the Diamond Light Scattering, UK, beamline
I06, using a 6 T superconducting vector magnet. L14B9S
was optimum for macroscopic magnetic measurements
owing to a sufficiently large signal, whereas L7B9S was
optimum for XMCD measurements as the film was suf-
ficiently thin (L = 2.5 nm or n = 7 u.c. and B = 3.5 nm or
m = 9 u.c.) so that the LSMO/BTO interface was amenable
to the x-ray beam, since the x-ray could only penetrate a
depth of up to approximately 5 nm of the sample. X-ray

absorption spectroscopy (XAS) was conducted at 300 and
2 K. The XAS spectra were recorded by switching between
left- and right-circularly polarized light. The XMCD sig-
nals were calculated from the difference between spectra
taken with left- and right-circularly polarized light, i.e.,
XMCD = (I+–I−), where I+ (I−) is the parallel (antiparal-
lel) alignment of photon helicity with respect to the applied
magnetic field. The atomic magnetic moments were mea-
sured using total electron yield mode over the Mn or Ti
L2,3 edges with the spectra normalized to the incoming
photon flux and the element-specific hysteresis loops were
measured using fluorescence detection. The magnetic field
was applied at an angle of 60° with respect to the sample
normal. To confirm the sign reversal of XMCD, the mag-
netic field was applied in the opposite direction in order to
ensure the magnetic origin of the XMCD signal.

APPENDIX D: FERROELECTRIC
MEASUREMENTS

1. Piezoresponse force microscopy

The thin-film topography and piezoresponse were mea-
sured using a Bruker Multimode 8 atomic force micro-
scope. Piezoresponse force microscopy and spectroscopy
measurements were performed with Pt-coated NSC35 tips
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FIG. 8. FM thickness dependence (tFM) of EB in LnBmS films. Four samples of LSMO (tFM = 17.5, 10, 5, and 2.5 nm)/BTO/STO
were investigated for EB. There is a trend of increasing EB with decreasing tFM where thickness of BTO is kept constant at 3.5 nm.
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FIG. 9. Magnetic analysis for LSMO/BTO films. (a) ZFC and FC hysteresis loops of LSMO(5 nm)/BTO(3.5 nm)/STO at 2 K after
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(MikroMasch) and the PFM contrast was recorded in polar
coordinates. We locally applied Vdc of ±4 V to the sample
while grounding the PFM tip and then detected the PFM
response using a read Vac of 1 V at 15 kHz in the same
configuration. BmLnS samples are chosen because of the
presence of a bottom LSMO electrode.

2. Optical second-harmonic generation

A probe beam was produced using an amplified
Ti:sapphire laser system operating at 800 nm with a pulse
duration of 45 fs and a repetition rate of 1 kHz. This beam
was converted to light with a 1200-nm wavelength via an
optical parametric amplifier. The pulse energy was main-
tained at 15 μJ, with the beam focused to a spot size of
250 μm in diameter. The SHG signal was detected using
a monochromator set to 600 nm and a photomultiplier
tube, with the SHG setup arranged in a 45° reflection
geometry. The polarization of the incident fundamental
wave was rotated to an angle α using a half-wave plate,
and the frequency-doubled light was projected at a fixed
polarization angle β via a Glan-Thompson prism. The

0° positions of the α and β angles were set along the
normal of the setup plane. SHG measurements were con-
ducted at room temperature. To ensure consistent SHG
yield across different samples, equivalent alignment was
confirmed using a common reference SHG signal, which
was optimized to the same value for each sample before
being filtered out from the measurements. The measured
intensity was calibrated to sample thickness and is thus
representative of net polarization.

APPENDIX E: DFT CALCULATIONS

DFT calculations were performed by using the QUAN-
TUM ESPRESSO simulation package [46] based on the
projector-augmented-wave method [47]. The Perdew-
Burke-Ernzerhof parameterization [48] of the generalized-
gradient approximation was used to describe the exchange
correlation term. A plane-wave basis set with cutoff energy
of 70 Ry and 8 × 8 × 1 Monkhorst-Pack k-point grid were
taken initially for relaxing the atomic coordinates until
the force on each atom was less than 0.0005 hartree/bohr.
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FIG. 11. XMCD measurements of L7B9S. (a) The XMCD spectrum of Mn at 2 K after cooling with ±20 kOe bias field and after
removing the field. (b) XMCD hysteresis loop measured for Mn at 2 K. (c),(d) The integrals of XMCD of Mn and Ti show that both
the Mn and Ti magnetization are aligned in same direction. Sum rule analysis of the Mn L2,3 edges indicates an orbital moment of
µl= 0.037 ± 0.015 µB and a spin moment of µs= 0.68 ± 0.03 µB where the correction factor from [45] is used to correct the effects of
the small Mn spin-orbit coupling on the spin moment. The finite Mn orbital moment arises from the strain imposed on the Mn4+ sites
by the BTO film.

However, energetics and PDOS calculations were per-
formed with the cutoff energy 125 Ry and a 15 × 15 × 1
k-point grid. Collinear spins were used for the different

magnetic configurations. Strain was calculated from the
experimental lattice constants of BTO, LSMO, and STO.
Additionally, L7B9S was optimum for DFT calculations as
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FIG. 12. Piezoresponse force microscopy for BTO/LSMO/STO film at room temperature. (a) Piezoresponse measured by PFM on
BTO(25 u.c.)/LSMO(14 u.c.)/STO. Amplitude (blue) and phase (red) of the PFM signal as a function of bias voltage measured with
1 V read-out voltage. The inset atomic force microscopy image shows the surface morphology of the film. (b) Amplitude (left half) and
phase (right half) contrasts for as-grown (5 × 5 μm2), after writing +8 V (3 × 1.5 μm2), and −8 V (3 × 1.5 μm2) at room temperature.
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FIG. 13. PDOS calculations from DFT. The occupation of eg and t2g states are depicted for different Mn (first, second, and third
layers of LSMO) atoms from the interface.

there were fewer atoms to simulate and hence required less
computer-intensive calculations. The thickness of BTO
and LSMO in the heterostructure corresponded to the
experimentally grown sample (L7B9S) in which a large EB
was observed. Therefore, the BTO/LSMO heterostructure
consisted of m = 8 u.c. (approximately 3.2 nm) of BTO and
n = 7 u.c. (approximately 2.5 nm) of LSMO. The common
IP lattice constant of the heterostructure was taken to be
the same as that of the STO, which simulated the compres-
sive strain in BTO and a small tensile strain in LSMO, as
they were grown onto a paraelectric STO substrate.
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