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Artificial multiferroic heterostructures offer a versatile platform for engineering magnetic properties
through interfacial strain and magnetoelectric coupling. In this framework, we demonstrate the growth
of both Ni and Lag ¢75r033MnO3 ferromagnetic thin films on KNbO3z (100) single crystals. We show, by
combining structural and magneto-optical characterizations, how their magnetic responses are affected
by the structural transitions taking place in the substrate as a function of temperature. In particular, we
observe sensitive modifications in the ferroelectric domain composition of KNbOs, especially after
cooling from orthorhombic to rhombohedral phase, leading to a transition from in-plane anisotropic to
isotropic magnetization behaviour in Ni thin films. Temperature dependent magnetic characterizations
show a coercivity modulation while crossing the structural transition for both Ni and Lage7Sr033MnO3
films, signature of interfacial strain-driven coupling. To the best of our knowledge, these are the first
reported KNbOz-based multiferroic heterostructures, establishing this lead-free material as a potential

rsc.li/nanoscale-advances

Introduction

Over the past two decades, the field of multiferroics has
undergone a profound transformation driven by advances in
thin film synthesis, interface design, and operando character-
ization. Several reviews highlight how the controlled coupling of
electric, magnetic, elastic and structural order parameters has
shifted multiferroics from niche materials systems toward
a central position in functional materials research.*™ In
particular, the field has recently increased focus on engineered
heterostructures in which the driving principle lays in magne-
toelectric (ME) interactions at the interface, rather than relying
on single-phase compounds where ferroic orders coexist
intrinsically yet often weakly, especially from the magnetic
point of view.>® In parallel, the broader functionality of ferroic
oxides has continued to expand beyond conventional electronic
and spintronic applications. Recent studies demonstrate that
polarization-driven effects in ferroelectric materials can also
influence charge separation, surface chemistry, and catalytic
reactivity, further emphasizing the multifunctional nature of
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functional host for both metallic magnetostrictive and complex oxide thin films.

these oxide systems and the technological relevance of interfa-
cial polarization control.”

Within this framework, artificial multiferroic hetero-
structures combining ferroelectric (FE) and ferromagnetic (FM)
layers have become an important platform for probing nano-
scale ME interactions. The integration of a FE material, capable
of polarization reversal, with a FM thin layer whose magneti-
zation is highly responsive to interfacial strain, charge modu-
lation, and bonding chemistry enables reversible electrical
control of magnetic states with reduced energy
consumption.®**® These insights highlight the potential of FE/
FM heterostructures as a pathway toward compact, low-power
spintronic technologies, where interfacial design at the
atomic  scale  governs  functionality @ and  device
performance.®"**

FE materials with well-defined structural phase transitions
provide an effective platform for tailoring ME coupling in
multiferroic  heterostructures. Across such transitions,
symmetry changes modify polarization stability, dielectric
susceptibility, lattice strain, and interfacial screening, all of
which can exert strong control over the magnetic configuration
of an adjacent FM layer. Theoretical calculations®*® as well as
experimental results’?° show that FE exhibit pronounced
enhancements in susceptibility and electromechanical
response near phase boundaries, thereby offering intrinsic
amplification mechanisms for cross-coupling between ferroic
order parameters. Widely used FE substrates such as BaTiO;

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(BTO)** and [Pb(Mg;/3Nb,/3)-O3]-x[PbTiO;] (PMN-xPT)*>** are
now established platforms for engineering temperature-driven,
strain-mediated control of interfacial magnetism. The former
provides structural transitions accompanied by pronounced
strain discontinuities, and the latter offers exceptionally large
piezoelectric coefficients and electrically induced strain.
However, several alternative FE materials with similar transi-
tions are still under investigation, leaving room for further
explorations, exploiting for instance different temperature
ranges and/or lattice parameters.

In this context, potassium niobate (KNbO;, KNO) stands out
as a particularly compelling candidate. KNO is a lead-free FE
perovskite first synthesized in the 1950s, known for its well-
defined sequence of first-order structural transitions, pro-
gressing through four crystal symmetries: rhombohedral (R)
below ~210 K, orthorhombic (O) (~210-490 K), tetragonal (T)
(~490-690 K) followed by cubic (C) paraelectric above ~690 K
(see Fig. 1(a)).>**® These transitions are accompanied by robust
spontaneous polarization, and the overall sequence mirrors
that of BTO, with however the orthorhombic phase stable at RT
instead of the tetragonal one. Importantly, KNO is lead-free and
environmental friendly,” offering a sustainable alternative to
Pb-based ferroelectrics such as PZT or PMN-PT, fitting well in
the family of lead-free piezoceramics.*® However, its integration
in multiferroic heterostructures has been up to now extremely
limited and focused on its photocatalytic properties,*>°
whereas its interfacial coupling with FM materials is to our
knowledge unexplored.

Building on these contexts, we explore KNO/Ni and KNO/
Lay 67570.33Mn0O; (LSMO) heterostructures as lead-free systems
for ME coupling. Ni thin films serve as model magnetostrictive
layer, allowing us to probe the influence of strain modulations
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driven by FE transitions on the interfacial FM layer. On the
other hand, optimally doped LSMO, a strongly correlated FM
oxide highly sensitive to lattice variations,* provides an oxide-
based complementary system whose epitaxial growth require-
ments are stricter than those of Ni.

In this work, by combining structural and magnetic char-
acterization, we show that KNO (100) is compatible with
epitaxial growth of strained ferromagnetic LSMO, whereas
magnetostrictive Ni ultrathin films proved to be particularly
sensitive to KNO structural transitions. In addition,
temperature-driven structural transitions modify the crystalline
quality of KNO at RT, which tends to lose its pristine order.

Experimental details
Sample preparation

FM thin films were grown on pristine one-sided polished (100)
KNO substrates (2.5 x 2.5 mm?, thickness 0.5 mm) supplied by
SurfaceNet GmbH. Three deposition methods were employed to
fabricate the heterostructures. First, 7 nm thick Ni layers were
grown by electron beam evaporation at the molecular beam
epitaxy (MBE) Cluster of NFFA-Trieste facility*® at room
temperature (RT), at a base pressure below 1 x 10 mbar. The
Ni film was subsequently capped with a 4 nm thick MgO layer to
prevent oxidation (see Fig. 1(c)). In a second approach, addi-
tional heterostructures were prepared by sputter deposition of
Ni (14 £ 2 nm thick), followed by capping with Al (5 + 2 nm
thick) under a base pressure of 5 x 10~° mbar. The sputtered
heterostructures were first magnetically characterized in pris-
tine state and subsequently annealed at approximately 770 K
under Ar gas continuous flow in a controlled environment.
Finally, epitaxial thin films of La, ¢,Sro.33MnO; of 40 unit cells
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(a) Temperature-dependent structural phase diagram of KNO crystals, (b) wide 26—w scan of pristine KNO (100) in its orthorhombic phase,

(c and d) schematic representation of KNO/Ni (c) and (d) KNO/LSMO heterostructures; below them, the thermal treatments of the two systems

are shown.
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Fig.2 XRD 2D-RSMs of the (400) Bragg peak of KNO (100) single crystal after thermal treatments: (a) in pristine state; (b) KNO/Ni after heating to
C phase; (c) KNO/LSMO after deposition at 1000 K (i.e., heating to C phase); (d) KNO/Ni after cooling to R phase; () KNO/LSMO, which passed

through O/C/O transition, after cooling to R phase.

(=16 nm thickness) were grown layer-by-layer using an alter-
nate shutter deposition method in an oxide-molecular beam
epitaxy (0-MBE) system operating under ultra-high vacuum
conditions (see Fig. 1(d)), at a deposition rate of 1 unit cell per
minute.** The substrate temperature was maintained at 1000 K
during growth (i.e. in this cubic phase), under an oxygen partial
pressure of 2 x 10~° mbar.

Magnetic characterizations

Magnetic hysteresis loops were measured by longitudinal
MOKE using an s-polarized 658 nm wavelength laser of 8 mW

power, with a laser spot size of about 500 pm®. Coercive field
and remanence were evaluated as the averaged half width
hysteresis loops at zero magnetization, averaging both negative
and positive sides of the loop. Temperature-dependent MOKE
measurements were done with the sample in ultra-high vacuum
(UHV) condition using a He liquefier closed circuit with
a temperature range of ~50-300 K.

Structural characterizations

XRD measurements were performed with X'Pert PANalytical
Empyrean diffractometer. Monochromatic Cu-Ko,; (A = 1.54056
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Fig. 3 Angular dependent room temperature MOKE measurements of KNO/Ni heterostructure (a) as deposited (pristine KNO); (b) after heating
up to the cubic phase (O- > C- > O); (c) after cooling down to the rhombohedral phase (O- > R— > O). Angular dependence of (d) coercive field

(He) and (e) remanence (Myem/Msat) in the above cases.
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Fig. 4 Temperature dependent MOKE hysteresis loops (a and b) and coercivity vs. temperature curves (c and d) for KNO/Ni and KNO/LSMO
heterostructures, respectively along [001] direction showing the phase transition of KNO from rhombohedral (R) to orthorhombic (O).

A) radiation was employed with Hybrid Monochromator 2X Ge
(220). It consists of a parabolic shaped graded multilayer (X-ray
mirror) and a special channel-cut germanium crystal. We used
the divergence slit of 1/4° which controls the height of the X-ray
beam coming off the monochromator to be 0.65 mm. A PIXcel*”
- Medipix3 detector was used with a scanning area detector (2D)
mode.

Results and discussion

The structural analysis of the pristine KNO (100) substrates was
first evaluated prior to the deposition of the FM thin films. In
agreement with the established phase diagram of KNO
(Fig. 1(a)), the substrates exhibited an orthorhombic crystal
structure at RT.

From the XRD pattern of the pristine KNO (100) single-
crystal substrate measured in symmetric 20-w geometry
(Fig. 1(b)) displays two intense diffraction peaks at approxi-
mately 31° and 66°. These reflections are characteristic of a well-
oriented orthorhombic KNO single crystal at room temperature.
In its orthorhombic ferroelectric phase, KNO exhibits slightly

© 2026 The Author(s). Published by the Royal Society of Chemistry

unequal lattice parameters arising from the distortion of the
perovskite framework associated with spontaneous polariza-
tion. As the substrate is cut along the (100) direction, only lattice
planes parallel to the surface satisfy the Bragg condition in the
out-of-plane scan. Accordingly, the observed peaks can be
assigned to the (200) and (400) reflections of orthorhombic
KNO. The absence of any additional diffraction features further
confirms the phase purity and strong (100) orientation of the
substrate, with no detectable secondary phases or misoriented
domains. 2D reciprocal space map (RSM) around the KNO (400)
reflection exhibits a dominant sharp diffraction peak accom-
panied by a weaker feature at the same Q, and slightly shifted
along Q,, indicating the presence of multiple structural variants
in the orthorhombic KNO crystal (Fig. 2(a)). The calculated
lattice constants are @ = 5.70 A from the main peak position,
whereas the asymmetric reciprocal space maps allowed us to
identify the edges of the sample as the [010] and [001] direc-
tions, giving us the lattice constants values b = 3.97 A and ¢ =
5.73 A, which are in excellent agreement with previously re-
ported values for orthorhombic KNO (space group #38,
Bmm2).>>* The polarization direction in orthorhombic KNO is

Nanoscale Adv., 2026, 8, 3598-3604 | 3601
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along ¢, which is in plane for this crystal cut. In the case of KNO/
Ni heterostructures, the FM layer depositions were done at RT,
so the magnetic characterization of the as-deposited sample
corresponds to the pristine structure. The quality of the
deposited Ni layer was verified via X-ray absorption spectros-
copy (XAS) at APE-HE beamline of the NFFA facility at the Elettra
Sincrotrone Trieste synchrotron radiation source.** The spec-
trum showed a fully metallic Ni layer, signature of a high quality
deposition (see Fig. S1).

Following the structural characterization of pristine KNO
(100) substrates, the impact of their phase-transition-driven
structural evolution on FM interfacial layers was investigated.
As discussed above, Ni films were deposited at room tempera-
ture, preserving the orthorhombic phase of KNO, whereas
LSMO growth required heating the substrate at 1000 K, driving
KNO across its ferroelectric-paraelectric phase transitions.
Additionally, the symmetric 26-w XRD scan acquired after
LSMO deposition clearly reveals the characteristic (110) reflec-
tion of the LSMO thin film together with the (200) reflection of
the KNO substrate (Fig. S2(c)), confirming the successful growth
of the heterostructure. From the position of the LSMO (110)
peak, the corresponding lattice parameter was extracted to be
approximately 3.87 A, consistent with values reported for
epitaxial LSMO thin films.** The comparatively weak intensity of
the LSMO reflection arises from the limited film thickness (=40
u.c.), which reduces the diffracted intensity while still permit-
ting clear resolution of the film and substrate peaks.

This difference in thermal history provides a natural
framework to explore how substrate structural changes and
ferroelastic domain reconfiguration influence the magnetic
properties of the heterostructures. To isolate the effect of phase
transitions, KNO/Ni was heated up to the cubic phase and
subsequently cooled down to the rhombohedral phase. For both
heterostructures, additional diffraction maxima appear at three
distinct Q, positions after heating (Fig. 2(b) and (c)). Besides the
main (400) reflection of KNO, the extra peaks correspond to the
reflections that can be indexed as (222) and (004), as determined
from the calculated lattice vectors (Q, = 4.4397 A~ and Q, =
4.413 A™" respectively), indicating the formation of multiple FE
domain variants associated with different orientations of the
spontaneous polarization. These variants stabilize distinct
orthorhombic lattice configurations upon cooling, while largely
preserving long-range crystalline coherence, as reflected by the
relatively narrow diffraction features. Finally, a markedly
different structural response is observed after cooling to the
rhombohedral phase, where the RSMs exhibit broadened and
multiple diffraction features for both heterostructures, indi-
cating the formation of multiple FE domain variants and
increased structural heterogeneity (Fig. 2(d) and (e)). Although
intensity remains distributed across three Q, values, the
diffraction features broaden significantly along Q, and develop
a more complex profile, reflecting a wider distribution of
structural variants. The rhombohedral-to-orthorhombic transi-
tion therefore introduces substantial lattice distortions and
strain gradients, which perturb the epitaxial coherence of the
substrate and are expected to be transferred to the overlying
ferromagnetic layers. Such strain transfer across the interface
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constitutes a key mechanism of magnetoelectric coupling in FE/
FM heterostructures, whereby lattice distortions modulate the
magnetic anisotropy of the ferromagnetic films, and it will be
shown in the following that this holds also in the case of KNO-
based ones.

As a final note, particular caution has to be taken when
handling KNO crystals along the characterization processes.
Despite their high structural quality, KNO substrates were
found to be rather mechanically fragile, since even mild
mechanical contact led to perceptible surface deformations.
This can justify the degree of variability of the RSMs measured
on the two heterostructures after structural transitions.
However, despite the fact that the diffraction patterns present
differences between the two systems, the trend observed after
the structural transitions is consistent for both cases.

To directly probe the interfacial coupling, longitudinal
MOKE measurements were performed on both hetero-
structures. For KNO/LSMO, measurements at RT after deposi-
tion proved to be challenging, as the very soft ferromagnetic
character of ultrathin LSMO results in an almost negligible
coercive field and an extremely weak Kerr signal, most probably
due to of a Curie temperature close to RT, as it will be shown in
the following discussions, therefore preventing a reliable
determination of angular-dependent anisotropy.”* In contrast,
the as-deposited KNO/Ni heterostructure was characterized at
RT in both pristine state and after heating and cooling cycles
through KNO structural transitions. On pristine KNO, Ni
exhibits a pronounced in-plane uniaxial magnetic anisotropy,
as evidenced by the angular dependence of the hysteresis loops,
coercive field, and remanent magnetisation (Fig. 3(a)). The
magnetic easy axis is aligned close to the [010] crystallographic
direction, demonstrating that the orthorhombic structural
order of the KNO substrate is imprinted onto the magnetic
response of Ni, evidencing a strong magnetoelastic coupling
between the substrate lattice and the FM film. Angular-
dependent longitudinal MOKE measurements were performed
on pristine KNO/Ni heterostructures prepared by both electron-
beam evaporation and sputtering. In both cases, the angular
dependence of the coercive field and remanent magnetization
exhibits a similar anisotropic behaviour, with nearly identical
positions of easy [010] and hard [001] axes (see SI, Fig. S3). This
demonstrates that Ni films grown on KNO develop comparable
magnetic anisotropy irrespective of the deposition method,
highlighting KNO as a compatible FE substrate for the fabri-
cation of artificial multiferroic heterostructures. Thermal
cycling across the structural phase transitions of KNO leads to
clear modifications of the magnetic anisotropy in KNO/Ni,
highlighting the sensitivity of the FM layer to substrate
symmetry and strain evolution. After heating KNO/Ni to the
cubic phase and cooling back to RT (Fig. 3(b)), the magnetic
properties change noticeably. This behaviour reflects the
domain reorganisation of the KNO substrate during the O — C
— O transition, where multiple FE domain variants are formed,
as evidenced by the 2D-RSM (Fig. 2(b)). The coexistence of these
domains leads to different local strain at the interface, meaning
that the Ni layer no longer experiences a single, well-defined
orthorhombic distortion. Consequently, a more isotropic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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behaviour is observed, with an easy axis less defined and
a marked increase of coercivity. A more pronounced structural
modification occurs when KNO/Ni is cycled through the
rhombohedral phase (O — R — O). In this case, the 2D-RSM
after cooling (Fig. 2(d)) indicates a much more disordered FE
domain configuration, leading to a highly heterogeneous
interfacial strain, which results again in an almost isotropic
anisotropy of the interfacial Ni layer (Fig. 2(c)). These angular
dependences are summarized on the polar plots of coercivity
and remanence ratio in Fig. 3(d) and (e).

Temperature dependent MOKE measurements offer further
evidence of this interfacial coupling mechanism (Fig. 4). In the
KNO/Ni heterostructure, the coercive field H¢ along the [010]
direction reveals a sharp upturn, with an increase of its value as
the substrate transitions from the orthorhombic to the rhom-
bohedral phase (Fig. 4(a) and (c)). This behaviour directly
reflects the sensitivity of the magnetic film to the underlying
structural deformation. On the other hand, the epitaxial strain
and the reduced thickness of the LSMO layer suppress its Curie
temperature, which is found at ~270-280 K. In this case, in
correspondence to the KNO structural transition we observe
a marked decrease of Hg, which can be attributed to a combi-
nation of the approaching T¢ and to strain-driven interfacial
coupling (Fig. 4(b) and (d)). Ultimately, however in different
ways, both heterostructures present magnetic modulations in
correspondence to the structural evolution of the KNO
substrate. Collectively, these findings demonstrate that the
structural evolution of ferroelectric KNO plays a decisive role in
governing the magnetic and structural responses of KNO/FM
systems, providing compelling evidence of strain-mediated
ME coupling at the interface.

Finally, wavelength-dependent photocurrent measurements
were performed on KNO/Ni using an optical parametric
amplifier (OPA) setup. A clear photocurrent was detected in the
near-UV-visible range, with a maximum at ~385 nm, in good
correspondence with the bandgap of KNO (~3.2-3.4 eV).242%3¢
Additionally, when illuminated with a constant wavelength of
405 nm, a stable photocurrent of ~6 nA emerged, indicating
arobust and reversible photo-response, significantly larger than
what reported on equivalent PMN-, ,PT-based heterostructure,
demonstrating efficient photocarrier generation (see SI,
Fig. S4).%%%

Conclusions

In this work, we have successfully grown high-quality multi-
ferroic heterostructures by integrating epitaxial Ni and LSMO
thin films on KNO (100) crystals, up to now unreported in
literature. Our results demonstrate that the functional proper-
ties of the heterostructures are governed by a strong interplay
between the phase-transition-driven structural evolution of the
ferroelectric substrate and the magnetic response of the ferro-
magnetic layers. By combining XRD 2D-RSM with temperature-
dependent MOKE measurements, we establish a correlation
between the structural modifications of KNO, especially the
reconfiguration of FE domains at room temperature, and the
modulation of FM anisotropy of interfacial Ni film. Such strain

© 2026 The Author(s). Published by the Royal Society of Chemistry
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emerges as the dominant mechanism controlling magnetic
anisotropy and coercivity in the FM films, since both KNO/Ni
and KNO/LSMO heterostructures present coercivity variations
in correspondence to the rhombohedral to orthorhombic
transition of KNO. This result stimulates for further investiga-
tions in magnetostrictive interfacial coupling on KNO-based
heterostructures.
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