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ABSTRACT

Strain-mediated magnetoelectric (ME) heterostructures enable electric-field control of magnetism and are promising for ultra-

low-power spintronic logic. Yet achieving spatially selective, low-voltage control in thin films and quantifying ME coupling across
the full ferroelectric strain hysteresis remains challenging. Here, we investigate sub-micrometer Ni/BPZT thin-film devices with
laterally patterned gates that localize in-plane strain beneath the Ni stripe and modulate its magnetization. We use anisotropic

magnetoresistance to measure magnetization changes across the ferroelectric loop under different magnetic bias fields. Combined

with multiphysics strain simulations and micromagnetic modeling, this work establishes a quantitative framework that captures

the convolution of ferroelectric strain hysteresis and magnetoelastic nonlinearities, revealing how the magnetization evolves with

ferroelectric strain under different bias fields and providing critical insight for future energy-efficient device design. The extracted

coupling coefficient in linear range is 1.3 mT V! across a 700 nm gap, with a clear pathway to improving voltage efficiency through

device scaling and establishing a scalable CMOS-compatible platform for energy-efficient spintronic devices.

1 | Introduction

Spintronic devices encode information in the direction of mag-
netization and are regarded as leading candidates for beyond-
CMOS technologies because of their potential for ultra-energy-
efficient computing and compatibility with non-traditional com-
puting paradigms [1]. Although magnetic random-access mem-
ory (MRAM) has reached commercial availability, spintronic
devices have yet to be adopted in computing systems. A key
limitation lies in the established mechanisms that convert
charge information to spin, namely spin orbit torque or spin
transfer torque, which require current densities in the range
of 10° to 107 A cm™ and therefore incur substantial energy
consumption [2].

To improve the energy efficiency of charge-spin conversion and
to enable logic applications [3, 4], magnetoelectric (ME) multi-
ferroic materials have attracted growing interest for their ability
to control magnetism with electric fields at significantly lower
energy [5]. Multiferroics possess more than one ferroic order, such
as ferroelectricity (FE) and (anti)ferromagnetism (FM), that are
coupled [6]. Electric-field control of magnetism in multiferroics
can be realized using single-phase materials [7-9], though these
often exhibit weak FM ordering and Curie temperatures below
room temperature. Alternatively, the ME coupling can be
achieved in multiferroic heterostructures through four primary
mechanisms: ionic migration [10], charge accumulation [11, 12],
exchange bias [13, 14], and strain transfer [15-17]. It is worth
noting that exchange-driven coupling has achieved low switching
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voltage of 200 mV with 10 nm thick Bi, gsLa,;sFeO;, but further
down-scaling is precluded by leakage in ultra-thin films [8].
Consequently, strain-mediated systems, where a magnetostric-
tive ferromagnet is elastically coupled to a piezoelectric layer,
have garnered attention for their exceptionally high coupling
coefficients, robust room-temperature operation, wide materials
choice, and compatibility with device miniaturization [17].

Most strain-driven ME devices reported to date employ continu-
ous [15, 18-20] or patterned [21, 22] magnetostrictive thin films
on bulk single-crystal piezoelectric substrates contacted by top
and bottom electrodes. While they demonstrate strong coupling
[15] and switching of nanomagnets [21], these approaches require
operating voltages on the order of hundreds of volts, usually
impose uniform strain on all elements without control over
individual magnets, and are difficult to integrate with standard
semiconductor fabrication processes, making them less relevant
for device-level studies.

For strain-driven ME devices to become truly relevant for micro-
electronic applications such as logic or memory, several key
requirements must be addressed. First, piezoelectric thin films
need to be deposited on silicon substrates to enable scalable
fabrication. Second, the magnetic thin film must be patterned into
nanoscale elements that can be individually controlled. Third,
quantitative determination of the magnetization response and the
corresponding ME coupling across the full ferroelectric range, not
just the linear piezoelectric regime, is essential to establish device
specifications and benchmarks. The quantification performed on
extended, unpatterned thin films is not sufficient, as the strain
profile differs fundamentally from that in scaled nanomagnets.
Finally, a framework is required to interpret this quantification,
including the efficiency of strain transfer to the nanomagnet
and the nonlinear contributions from both the hysteresis of
ferroelastic strain and magnetoelastic coupling. In particular,
quantitative mapping of magnetization rotation throughout the
full ferroelectric loop is critical for device optimization. However,
only a few studies [16, 23, 24] have reported using thin film
piezoelectrics to alter the magnetization of nanoscale magnetic
elements. When addressed, these works typically focus only on
the initial and final magnetization states under applied voltage
and relied mainly on qualitative microscopy studies. Others
have been restricted to the linear piezoelectric regime, without
resolving the nonlinear contributions from both ferroelectric
strain hysteresis and magnetoelastic coupling.

In this work, we aim to bridge these gaps by investigating
strain-mediated ME coupling in a sub-micron Ni stripe pat-
terned on a Ba -substituted Lead Zirconate Titanate (BPZT)
thin film. Using laterally patterned electrodes on the top sur-
face of the piezoelectric layer, we generate localized, in-plane
strain directly beneath the magnetic element, enabling spa-
tially selective, low-voltage control of magnetization. We then
track the magnetization response across the entire ferroelectric
switching loop under a range of transverse magnetic bias fields
via anisotropic magnetoresistance measurements, AMR provides
well-established, quantitative access to magnetization rotation
in patterned ferromagnets, offering information that cannot be
obtained from microscopy alone. This enables full quantification
of the magnetization response and ME coupling. To elucidate the
coupling mechanism, particularly the convolution of nonlinear-

ities arising from both ferroelectric strain hysteresis and mag-
netoelastic coupling, we combine COMSOL Multiphysics strain
simulations, micromagnetic modeling, and scanning nitrogen-
vacancy (NV) magnetometry. NV magnetometry maps directly
visualize domain evolution under voltage bias, serving as an
independent probe that validates both the AMR and simulation
analysis.

2 | Results and Discussion
2.1 | Device and Measurement Configurations

A schematic of the device is shown in Figure 1a. A 550 nm-thick
BPZT [(Bay,Pby¢)(Zr, 5, Tip45)05] film was deposited by pulsed
laser deposition on a SiO,/Si substrate, with a 10 nm LaNiO,
(LNO) seed layer and was subsequently chemical mechanically
polished to a final 370 nm. A detailed comparison of the ferro-
electric and piezoelectric properties before and after polishing is
given in our previous study [25]. A 16um X lpm X 30nm Ni
stripe was patterned on the PZT using electron-beam lithography,
sputtering, and lift-off. We subsequently patterned a pair of Au
gate electrodes positioned 700 nm away from each edge of the
stripe to apply lateral electric fields, along with four Au contact
pads on the stripe for four-probe anisotropic-magnetoresistance
(AMR) measurements. The long axis of the Ni stripe is defined
as the x-axis, the in-plane transverse direction as the y-axis, and
the out-of-plane direction as the z-axis. The completed device
is shown in the top-view scanning-electron-microscopy (SEM)
image in Figure 1b; further fabrication details are provided in
Methods.

Figure 1c,d presents finite-element simulations using COMSOL
Multiphysics of the electric field distribution when 30 V is
applied to both gates while the Ni stripe is grounded. Unlike
prior works where a bottom electrode is grounded and the
electric field is dominated by out-of-plane component, out
device utilizes fringing fields extend from the Au gates toward
the stripe; the in-plane component E,, around 4 X 10’ V/m,
dominates and is nearly uniform across the gap, while the
out-of-plane component E,, is confined to the electrode edges
and is roughly half as large. Through the direct piezoelectric
effect, these fields deform the PZT layer. Figure le,f shows
that the PZT expands laterally between the gates, imposing a
localized, relatively uniform compressive strain along y-direction
to the Ni stripe. Poisson contraction induces an out-of-plane
expansion approximately one-third as large. This electrostatically
induced strain underpins the magnetoelectric coupling in the
device.

2.2 | Magnetic Characterization of the Ni Stripe

We first characterize the magnetoresistance of the Ni stripe
under applied magnetic field, in the absence of gate voltage, to
establish a baseline. Figure 2a shows the anisotropic magnetore-
sistance (AMR) hysteresis loops measured under magnetic fields
applied along the three principal axes. AMR arises from different
degrees of scattering of spin-orbit coupled carriers, depending
on the relative orientation between the magnetization and the
current direction [26, 27]. Phenomenologically, the resistance as a

20f9

Advanced Electronic Materials, 2026

95U8017 SUOWIWOD SAIIe81D 8|qeal|dde auyy Ag peusenob afe sajoiie O ‘88N JO S3|nJ 1oy Akeiqiauluo 8|1/ UO (SUOTIPUOD-pUe-SWUBW0Y A8 | 1M Alelq 1 jpuluo//Sdny) SUORIPUOD pue SWB | 84} 89S *[9202/60/60] U0 AelqiauljuO 481 ‘6£8005202 W B./Z00T OT/I0P/W0D A8 1M Aelq 1 pul|UO"peaUeADe//:Sdny Wolj papeoiumod ‘TT ‘9202 ‘X09T66TZ



E_ (107 V/m) 25

Width of Ni | | Gategap
1 um % 700nm

-8 E, (107 V/im) 8 -10 g, (10%) 40

Device configuration Electric field distribution at V, = 30 V Strain distribution at V, = 30 V

FIGURE 1 | Device structure and operation. (a) Schematic of the sub-microscale Ni/BPZT device with lateral gate pairs and four contacts for
magnetoresistance measurements. The Ta/Ni/Ta (2/30/2) nm stripe is patterned on top of a 370 nm PZT film. (b) Top-view SEM image of the fabricated
structure, showing a Ni stripe with 1um width and 16 pm length, and a 700 nm-gap between gate electrodes and Ni stripe. (c,d) Simulated electric field
distribution at 30 V: (c) z-component (E;) in the xz cross-section showing fringing fields penetrating the PZT layer, and (d) y-component (E, ) in the xy
plane highlighting lateral field confinement between gates. (e,f) Simulated strain distribution at 30 V: (e) z-component (g,,) in the xz plane indicating
vertical strain localization beneath the gate edges, and (f) y-component (&) in the xy plane showing lateral strain concentration along the Ni stripe
between the gates.
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FIGURE 2 | (a) Anisotropic magnetoresistance (AMR) measured under magnetic fields applied along the three principal directions, showing full
hysteresis loops from —1.1 T to 1.1 T and backwards. (b) Scanning nitrogen-vacancy magnetometry (SNVM) map of the stray magnetic field above the
Ni stripe at remanence, indicating a multi-domain state. White dashed lines indicate the location of the Ni stripe. (c) Micromagnetic simulation of the
magnetization components (m,, my, m,) as a function of transverse magnetic field. (d) Simulated AMR loop under transverse magnetic field, reproducing
the observed hysteresis characteristic. (e) Simulated magnetic domain configurations (color-mapped by My) under different transverse bias fields (-10,
0, and 3 mT), illustrating field-induced domain evolution.
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function of magnetization angle 0 relative to the current direction
is given by

R(®) =R, + (Rj — R )cos*(6) (6]

where R, and R are the resistances for magnetization perpendic-
ular and parallel to the current, respectively. From the saturation
values in hysteresis, we obtain R, = 138.4 Q, and an AMR ratio
defined as (R, — R,)/R; =1.29%.

Notably, in the transverse hysteresis, the resistance only reaches
approximately 50% of the full AMR range (Figure 2a, red loops),
indicating that the remanent magnetization is not fully aligned
with the current direction, which coincides with the long axis
of the Ni stripe. This suggests the presence of transverse mag-
netic anisotropy that counteracts the shape anisotropy of the
elongated stripe. Consistent with this, the scanning nitrogen-
vacancy magnetometry (SNVM) map, which characterizes the
magnetic stray fields [28] of the Ni stripe, in Figure 2b, clearly
shows multidomain states at remanence, confirming the presence
of transverse anisotropy in the Ni stripe.

To corroborate these observations, we carried out micromagnetic
simulations using MuMax3 (Figure 2c-e), introducing a uniaxial
transverse anisotropy of K, = 2000 J/m3. (see Methods for
additional parameters used). The simulations reproduce the
ground-state domain pattern and the AMR hysteresis, yielding a
maximum simulated resistance change of 0.7%, close to the 0.6%
measured experimentally. As the magnetic field decreases from
—1T to about —5 mT, the magnetization rotates coherently; below
—5 mT the stripe breaks into alternating domains. At remanence,
the central magnetization vector is tilted by roughly 65° from
the stripe axis. Further reversing the field causes domains whose
magnetization opposes the field to shrink and reorient toward
the new field direction. The required transverse anisotropy may
stem from built-in stress [29] or from oblique-angle deposition
[30] during Ni sputtering.

2.3 | Voltage-Driven Magnetization Control

Building on the baseline magnetic characterization, we next
investigate the strain-mediated magnetoelectric (ME) coupling
under transverse magnetic bias fields. In the setup shown in
Figure 3a, a constant field B, presets the stripe magnetization,
while a bi-directional gate sweep from + 30 V induces local-
ized strain in the PZT. The resulting magnetization change
is probed via anisotropic magnetoresistance (AMR) measure-
ments. Figure 3b shows butterfly-shaped AMR hysteresis loops,
resembling the strain signature typical of ferroelectric materials.
Capacitance-voltage (C-V) data in Figure 3c confirm ferroelectric
switching with coercive voltages at + 2 V. Consequently, the fer-
roelectric nature of the PZT must be included in the analysis, and
linear piezoelectric models alone are insufficient to capture the
observed magnetization dynamics. The frequency dependence
of the capacitance is probably due to the formation of a dead
layer after the chemical mechanical polishing [25], with reduced
crystallinity that acts as a parasitic series capacitor.

To understand how strain hysteresis influences magnetization,
we model the strain evolution in COMSOL Multiphysics by incor-

porating a combination of the Jiles-Atherton (J-A) polarization
model and an electrostriction model [31], which captures the
nonlinear, hysteretic response of PZT. The parameters used in
the model are detailed in the Methods section and include both
experimentally obtained values from previous studies [25, 32]
by our group and approximate material parameters taken from
the COMSOL library. While the model uses some generic PZT
parameters from the COMSOL library, the goal is not to reproduce
exact experimental strain values, but to understand how such
strain profiles impact magnetization in the Ni stripe. The validity
of the simulated strain profile is further supported by the field-
dependent study presented here: it reproduces the expected
evolution of the magnetoresistance response not only under a
single magnetic bias field, but consistently across different bias
fields, indicating that the model captures the essential strain-
driven behavior in the device reasonably well. Figure 4a shows
the simulated principal strain components (¢, €,,, and ¢,;) within
the Ni layer as a function of gate voltage. The transverse in-
plane strain ¢, dominates, peaking at + 30 V and reversing sign
between zero and the coercive voltages. The out-of-plane strain
& is opposite in sign but similar in magnitude to ¢,,, consistent
with Poisson-driven deformation, while the longitudinal strain,,
remains negligible.

The strain couples to magnetization through an effective magne-
toelastic field [33]:

Bie,.,m, + B, (e,,m, +€,,m,)
By, ,m, + B, (e,,m, +€,,m,) )
Bye,,m, +B, (¢,,m, +¢&,,m,)

2

Hya = ~ M,
0-""s

with B, and B, the first and second magnetoelastic coupling
constants, and ¢; the components of the mechanical strain
tensor. We estimate the magnetoelastic coupling constant B, by
analyzing the AMR response at a bias field of —30 mT (blue curve
in Figure 3b). In this case, magnetization is expected to undergo
coherent rotation without domain formation. We convert the
measured magnetoresistance to the average magnetization angle
using Equation (1). Figure 4b plots the average angle versus
gate voltage. As the gate voltage increases from —30 to +10 V,
the magnetization rotates from —86° to —72°, corresponding to
a reduction in effective transverse field reduction of around 40
mT, measured from the transverse hysteresis loop (Figure 2a, red
loop). Because the magnetization is nearly saturated along the y-
direction, the contribution from m, and m, are negligible, and all
shear strain components are negligible compared to the normal
strain, simplifying the ME field to

0
Big,,m, 3)

v
e #OMs 0
From this relation we determine an effective magnetoelastic
constant of B, = 7.1 x 10°J/m?, which is used in all subsequent
micromagnetic simulations.

The three normal strain components (g, ¢,,, and ¢,,) obtained
from COMSOL (Figure 4a) were imported as spatially uniform
inputs into micromagnetic simulations to model the magnetiza-
tion evolution under a series of applied strains (see Methods).
Figures 3b and 4c compare measured and simulated AMR
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FIGURE 3 | (a)Schematic of the measurement configuration. A transverse magnetic bias field By is applied to preset the magnetization direction
of the Ni stripe. A bi-directional voltage sweep (—30 to +30 V) is then applied to the lateral gate electrodes to modulate strain in the underlying
PZT. The magnetization response of the Ni stripe is monitored via the anisotropic magnetoresistance (AMR) effect. (b) Anisotropic magnetoresistance
(AMR) measured during the voltage sweep for three different magnetic bias fields (—30, —10, and —1 mT). (c) Capacitance-voltage (C-V) measurements
performed at 1 and 10 kHz confirm ferroelectric switching behavior.
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FIGURE 4 | (a) Simulated strain components (g, &y, and &) in the Ni stripe as a function of applied gate voltage V,, using a Jiles-Atherton

ferroelectric polarization model in COMSOL Multiphysics. (b) Average magnetization angle 6 extracted from experimental AMR data under different
transverse magnetic bias fields. (c) Simulated AMR loops under transverse bias fields of —30, —10, and —1 mT, using full micromagnetic simulations
with strain input from COMSOL Multiphysics. (d) Simulated magnetoelastic effective field component By, y, calculated from strain and magnetization
configurations. (¢) Snapshots of the simulated magnetization M,, profile along the Ni stripe under a bias field of —1 mT, showing transition from uniform
to alternating domain states as gate voltage increases. (f) NV magnetometry scans of the Ni stripe under four gate voltages (0, 5, 10, and 15 V), measured
without applying magnetic bias field. The stray field patterns evolve with voltage, consistent with domain nucleation and expansion.

loops under transverse magnetic bias fields of —30, —10, and
—1 mT, while Figure 4d shows the corresponding y-component
of the magnetoelastic field, H,,, , At —30 mT, the simulation
reproduces the butterfly shape and maximum resistance change
(~0.1%) observed experimentally. In the quasi-linear region (from
4V to 30 V), H,, , varies by ~ 37 mT, giving an effective
magnetoelectric coefficient of 1.3 mT/V. It should be noted that
the effective ME coefficient extracted here is not solely a material

parameter but also depends on device geometry. Because the
electrically induced deformation originates largely in the lateral
PZT gap region, both the electrode gap and the Ni dimensions
influence the transferred strain amplitude and distribution. In
particular, reducing the gap enhances the electric field at a given
voltage, while changing the Ni width modifies both strain trans-
fer and magnetic shape anisotropy. Consequently, scaling can
alter the strain distribution and domain configuration, thereby
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affecting the measured ME response. This further highlight the
importance of the quantitative framework developed here for
capturing the coupled electromechanical and micromagnetic
response and guiding future geometry-material co-design of
strain-mediated ME devices.

At an intermediate bias field of —10 mT, both simulation and
experiment capture a broader butterfly-shaped AMR loop. The
simulated maximum resistance change (0.8%) slightly exceeds the
experimental value (0.6%), likely due to the idealized strain profile
or uncertainties in the material parameters, yet the overall trend
remains consistent. For large negative gate voltages (-30 V to
—5V), the measured magnetoresistance almost coincides with the
—30 mT trace, and the simulated B,,,; , is only marginally lower,
indicating that the strain is sufficient to keep the magnetisation
quasi-saturated even at the reduced bias. The main discrepancy
arises at low voltages (< 10 V), where diminishing strain weakens
B0, y- Under —10 mT, this weaker field can no longer counteract
the shape anisotropy, so the magnetization rotates more easily
toward the stripe axis. This leads to a steeper rise in resistance
and further reduction of H,,,, , , making it more difficult to rotate
the magnetization back toward the transverse direction, thus
broadening the AMR loop.

At —1 mT bias, both experiment and simulation show the
largest resistance change, although the simulation slightly over-
estimates the magnitude. This pronounced response does not
arise from a stronger magnetoelastic field; in fact, H,,,, , is only
about one-eighth of the value obtained at —30 and —10 mT
(Figure 4d). Instead, the large response arises from the multi-
domain states due to Ni stripe’s transverse anisotropy identified
in the magnetoresistance study under three principal directions.
In micromagnetic simulations, in “state 1” (Figure 4e), under
small gate voltage, the magnetization relaxes into a longitudinal
configuration along the Ni stripe, resulting in high resistance.
As voltage increases, even this modest ME field is sufficient
to trigger a transition into alternating domain states with + y
magnetization components (state 2). This causes a large fraction
of the magnetization to rotate away from the long axis, producing
a pronounced resistance drop. Further increases in H,,; , aligns
these domains more firmly along + y directions (state 3 and 4),
generating a larger stray field captured in the NV magnetometry
scan (Figure 4f). By contrast, at larger bias fields, although H,,,, ,
is larger, the magnetization is more strongly stabilized by the
external field, so the resulting reorientation is less pronounced.
The relatively low but persistent ME field (Figure 4d, red curve)
reflects that the stripe’s soft magnetic configuration and trans-
verse anisotropy allow significant magnetization reorientation
without requiring large ME fields. These results underscore the
importance of engineering initial magnetic states for efficient
voltage-driven control, providing valuable insights for low-power
spintronic device design.

3 | Conclusion

In this work, we demonstrate localized ferroelectric strain-
driven, magnetoelectric (ME) coupling in a sub-micrometer
Ni/PZT thin film device using laterally patterned electrodes.
This design enables individual magnet control without the
high-voltage (~100s V) typically required for bulk single-crystal

piezoelectric substrates. By integrating AMR measurements with
COMSOL Multiphysics strain modelling and MuMax3 micro-
magnetic simulations, we quantitatively determined an effective
magnetoelectric coupling coefficient of approximately 1.3 mT/V
in the linear range and extracted a magnetoelastic coupling
constant B, = 7.1 x 10° J/m?. While this voltage-based coefficient
is lower than ~ 10 mT/V reported for 20 nm BiFeO; thin films
at 500 mV switching [8], the effective electric-field-based ME
coupling in our strain-mediated system is approximately five
times higher, in our strain-mediated system is approximately five
times higher, reflecting the different coupling mechanism and the
much larger gate distance over which the voltage drops in our
device (700 nm vs 20 nm in the BiFeO; case). This highlights
strain-mediated thin-film systems as a promising route toward
sub-volt magnetization control without the need for extreme fer-
roelectric thickness scaling, which may introduce leakage. AMR
provides quantitative access to magnetization rotation across
the full ferroelectric loop, and independent nitrogen-vacancy
magnetometry maps confirm the domain evolution inferred from
transport and simulations. Together, these approaches reveal
that strain-induced domain evolution yields the largest MR
response at a 1 mT bias field, highlighting the decisive role
of the engineered remanent state and providing a pathway
toward bias-field-free magnetization rotation. The pronounced
nonlinearity introduced by both ferroelectric strain hysteresis and
ME coupling highlights the promise of ME structures for non-
Boolean logic implementations, where multi-state behavior can
be exploited.

A promising route to further improve voltage coupling efficiency
is to develop vertical ME structures, by fully etching both the
piezoelectric and magnetic layers. This would reduce substrate
clamping of the piezoelectric film and allow top-down gate
electrodes to exploit the larger out-of-plane d;; piezoelectric
coefficient instead of the in-plane d;;. Prior work has demon-
strated that employing PMN-PT membranes with vertical gating
to reduce clamping holds strong promise for enhancing ME
coupling, although a scalable approach remains to be established
[34]. In particular, integrating perpendicular magnetic anisotropy
materials in such vertical structures would further leverage the
out-of-plane d;; response to achieve efficient, perpendicular mag-
netization control rendering higher storage or logic density. At the
same time, employing materials with enhanced magnetostrictive
properties [17, 35-37] or utilizing advanced relaxor ferroelectrics
with large piezoelectric responses [32, 38, 39] could significantly
improve the overall device performance and reduce the required
operating voltage.

4 | Methods

41 | Growth and Chemical Mechanical Polishing
of Piezoelectric Thin Films

550 nm thick BPZT [(Ba0.1Pb0.9)(Zr0.52Ti0.48)03] was deposited
by pulsed laser deposition (PLD) using a Solmates SIP-700 system
at 550°C in an O2 atmosphere. A 10 nm thick LaNiO3 (LNO)
layer also deposited by PLD was used as a buffer layer for
the piezoelectric BPZT. The full stack is the following: Si (100)
substrate / SiO2 (400 nm) / Ti (20 nm) / Pt (70 nm) / LNO
(10 nm) / BPZT (550 nm). The Ti/Pt bottom electrode was
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deposited by e-beam evaporation. Post deposition, a chemical
mechanical polishing (CMP) was performed on the BPZT thin
film to reduce the roughness. The samples were polished in a
Mecapol E460 system, using an Optivision 4548 soft pad and an
ILD3013 (pH 10-11) SiO2 abrasive slurry. The CMP conditions for
BPZT polishing have been optimized in a previous study [25]. The
table/head speeds and downforce were set at 50 rpm / 50 rpm
and 1.5 psi (~0.1 mbar), respectively. The final root-mean-square
(RMS) roughness obtained was below 1 nm and the final BPZT
thickness was 370 nm. To remove the slurries residues, a post-
CMP standard cleaning was performed, it included 10 min in
SC-1 solution (NH40H:H202:H20 = 1:1:5) at 75°C and 5 min in
isopropanol in an ultrasonic bath.

4.2 | Scanning Nitrogen-Vacancy Magnetometry
(SVNM)

Scanning NV magnetometry (SNVM) measurements were per-
formed under ambient conditions using Qnami ProteusQ system.
The NV flying distance is estimated to be50 nm. SNVM enables
direct mapping of local magnetic stray fields via optical detection
of the Zeeman shift in the NV spin levels, with a spatial
resolution corresponding to the NV-to-magnet distance. During
measurement, gate voltages were applied to the device via a
customized PCB integrated into the Qnami system. This setup
allows nanoscale imaging of voltage-tunable magnetic textures
relevant to spintronic and magnetoelectric devices. Pixel size of
30x30nm? and pixel integration time = 0.42s.

4.3 | Magnetotransport measurements

Anisotropic magnetoresistance measurements were performed
using a CRX-VF cryogen-free, closed-cycle probe station
equipped with a 2.5 T vertical superconducting magnet. An in-
plane magnetic field was applied using a custom-designed sample
holder, and all measurements were conducted at a temperature
of 295 K. A standard four-terminal AC lock-in technique was
employed, with a constant input current amplitude of 10 pA
at a frequency of 111 Hz. The gate voltage was applied using a
Keithley 2620 source meter.

4.4 | Simulation Framework

The strain components were calculated as a function of applied
electric potential using steady-state finite element simulations
in COMSOL Multiphysics. Except for the lateral size of the PZT
substrate, which was reduced for computational efficiency, the
model geometry matched the actual fabricated device. A nickel
strip was placed on top of 16.5 um X 50 ym X 370nm PZT layer.
The PZT sides were clamped to reflect the much larger size
of the real substrate, while a soft bottom layer was used to
reduce substrate clamping and improve strain transfer. A voltage
sweeps from —30 to +30 V was applied in 0.3 V increments to
capture ferroelectric switching behavior. The Electrostatics and
Electrostriction modules were used to calculate the electric field
and polarization in the PZT, with switching behavior captured
via the Jiles—Atherton hysteresis model, which calculates the
hysteretic polarization. The saturation polarization and polariza-

tion reversibility are set to 0.4 C/m? and 0.2 respectively. The
pinning loss is 8.06 MV/m, interdomain coupling is 4.2 Mm/F
and the domain wall density is set to 0.641 MV/m. The saturation
polarization and permittivity were obtained experimentally for
our BPZT films in a previous study using a fringe-capacitor model
[25]. The remaining parameters used in the Jiles-Atherton model
such as polarization reversibility, pinning loss and interdomain
coupling were chosen to reproduce the experimentally measured
ferroelectric response of our BPZT films from that study [25].
In addition, the piezoelectric coefficient d;; 96 pm/V used in
our model was measured experimentally [25] in the same study
using a double beam laser interferometer technique [32]. The
electrostrictive strain tensor was then coupled to the Solid
Mechanics module to simulate mechanical deformation, and
strain transfer from the PZT layer to the nickel strip was com-
puted. The average in-plane and out-of-plane strain components
(e.g, & &y &) in the nickel layer were extracted for each
voltage step and subsequently used as input for micromagnetic
simulations.

Micromagnetic simulations were performed using MuMax3 [40].
The Ni layer was modeled with an exchange stiffness of A,
= 6 X 1072J/m, a saturation magnetization of My = 400 X
10°A/m, and a Gilbert damping constant @ = 0.02. The exchange
length, defined as I, = \/2A./(uyM:) , was calculated to be
7.73 nm. The simulation cell size was set to 7 nm, ensuring
sufficient spatial resolution. The average strain components
in the Ni layer, computed from COMSOL simulations, were
imported as a series of uniform values using the built-in mag-
netoelastic modules exx (), eyy(), and ezz () APIs in MuMax3.
The resultant magnetization configuration under each strain
condition was obtained using the relax () and minimize ()
functions.

Acknowledgements

This work was supported by IMEC’s Industrial Affiliation Program
on Exploratory Logic Devices F. Meng was supported by European
Union (EU)’s Horizon Europe Framework Programme under the Marie
Sktowdowska-Curie Postdoctoral Fellowship Action 2023 ‘All Magneto-
Electric Spin Logic Gates’ — ALLME with grant agreement No 101106745.
E. Meirvenne and F. Luciano were supported by the Research Foundation
Flanders (FWO) through grants No 1ISH4Q24N and 1183722N, respectively.
This work has been partially undertaken with the support of IEMN
CMNF electron beam facilities and supported by the French Renat-
ech network. We gratefully thank Cesar Javier Lockhart de la Rosa
and Gouri Sankar Kar for their support in coordinating the imec
resources.

Funding

This work was supported by IMEC’s Industrial Affiliation Program
on Exploratory Logic Devices. F. Meng was supported by European
Union (EU)’s Horizon Europe Framework Programme under the Marie
Sktowdowska-Curie Postdoctoral Fellowship Action 2023 ‘All Magneto-
Electric Spin Logic Gates’ — ALLME with grant agreement No. 101106745.
E. Meirvenne and F. Luciano were supported by the Research Foun-
dation Flanders (FWO) through grants No. 1SH4Q24N and 1183722N,
respectively.

Conflicts of Interest

The authors declare no conflicts of interest.

Advanced Electronic Materials, 2026

7 0f9

95U8017 SUOWIWOD SAIIe81D 8|qeal|dde auyy Ag peusenob afe sajoiie O ‘88N JO S3|nJ 1oy Akeiqiauluo 8|1/ UO (SUOTIPUOD-pUe-SWUBW0Y A8 | 1M Alelq 1 jpuluo//Sdny) SUORIPUOD pue SWB | 84} 89S *[9202/60/60] U0 AelqiauljuO 481 ‘6£8005202 W B./Z00T OT/I0P/W0D A8 1M Aelq 1 pul|UO"peaUeADe//:Sdny Wolj papeoiumod ‘TT ‘9202 ‘X09T66TZ



Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. B. Dieny, I. L. Prejbeanu, K. Garello, et al., “Opportunities and
Challenges for Spintronics in the Microelectronics Industry,” Nature
Electronics 3 (2020): 446-459.

2. F. Meng, S.-Y. Lee, O. Zografos, et al., “Benchmarking of Scaled
Majority-Logic-Synthesized Spintronic Circuits Based on Magnetic Tun-
nel Junction Transducers,” IEEE Transactions on Circuits and Systems I:
Regular Papers 72 (2024): 1-8.

3.D. C. Vaz, C.-C. Lin, and J. Plombon, “Functional Demonstration of
a Fully Integrated Magneto-Electric Spin-Orbit Device,” in 2021 IEEE
International Electron Devices Meeting (IEDM) (IEEE, 2021), 32.4.1-32.4.4,
https://doi.org/10.1109/IEDM19574.2021.9720677.

4. S. Manipatruni, D. E. Nikonov, C.-C. Lin, et al., “Scalable Energy-
Efficient Magnetoelectric Spin-orbit Logic,” Nature 565 (2019): 35-42,
https://doi.org/10.1038/s41586-018-0770-2.

5. P. B. Meisenheimer, S. Novakov, N. M. Vu, and J. T. Heron, “Perspective:
Magnetoelectric Switching in Thin Film Multiferroic Heterostructures,”
Journal of Applied Physics 123 (2018): 240901, https://doi.org/10.1063/1.
5031446.

6. X. Liang, H. Chen, and N. X. Sun, “Magnetoelectric Materials and
Devices,” APL Materials 9 (2021): 041114.

7. W. Eerenstein, N. D. Mathur, and J. F. Scott, “Multiferroic and
Magnetoelectric Materials,” Nature 442 (2006): 759-765.

8. B. Prasad, Y. Huang, R. V. Chopdekar, et al., “Ultralow Voltage Manip-
ulation of Ferromagnetism,” Advanced Materials 32 (2020): 2001943.

9. X. Huang, X. Chen, Y. Li, et al., “Manipulating Chiral Spin Transport
with Ferroelectric Polarization,” Nature Materials 23 (2024): 898-904.

10. N. Lu, P. Zhang, Q. Zhang, et al., “Electric-Field Control of Tri-State
Phase Transformation with a Selective Dual-ion Switch,” Nature 546
(2017): 124-128, https://doi.org/10.1038/nature22389.

11. D. Chiba, M. Sawicki, Y. Nishitani, Y. Nakatani, F. Matsukura, and H.
Ohno, “Magnetization Vector Manipulation by Electric Fields,” Nature
455 (2008): 515-518, https://doi.org/10.1038/nature07318.

12. C. A. F. Vaz, J. Hoffman, Y. Segal, et al., “Origin of the Magneto-
electric Coupling Effect in Pb(Zr,,Tiyg)O3/LaggSrg,MnO3 Multiferroic
Heterostructures(Zr ,Tigg)O3/Lag gSrg,MnO; Multiferroic Heterostruc-
tures,” Physical Review Letters 104 (2010): 127202, https://doi.org/10.1103/
PhysRevLett.104.127202.

13.J. T. Heron, J. L. Bosse, Q. He, et al., “Deterministic Switching of
Ferromagnetism at Room Temperature Using an Electric Field,” Nature
516 (2014): 370-373, https://doi.org/10.1038/naturel4004.

14. P. Borisov, A. Hochstrat, X. Chen, W. Kleemann, and C. Binek,
“Magnetoelectric Switching of Exchange Bias,” Physical Review Letters 94
(2005): 117203, https://doi.org/10.1103/PhysRevLett.94.117203.

15. M. Liu, S. Li, Z. Zhou, et al., “Electrically Induced Enormous Magnetic
Anisotropy in Terfenol-D/Lead Zinc Niobate-Lead Titanate Multiferroic
Heterostructures,” Journal of Applied Physics 112 (2012): 063917, https://
doi.org/10.1063/1.4754424.

16. Q. Wang, X. Li, C.-Y. Liang, et al., “Strain-Mediated 180° Switch-
ing in CoFeB and Terfenol-D Nanodots with Perpendicular Magnetic
Anisotropy,” Applied Physics Letters 110 (2017): 102903, https://doi.org/10.
1063/1.4978270.

17. X. Liang, C. Dong, H. Chen, et al., “A Review of Thin-Film Magne-
toelastic Materials for Magnetoelectric Applications,” Sensors 20 (2020):
1532, https://doi.org/10.3390/s20051532.

18. D. E. Parkes, S. A. Cavill, A. T. Hindmarch, et al., “Non-Volatile Voltage
Control of Magnetization and Magnetic Domain Walls in Magnetostric-

tive Epitaxial Thin Films,” Applied Physics Letters 101 (2012): 072402,
https://doi.org/10.1063/1.4745789.

19. A. Begué, M. W. Khalig, N. Cotén, et al., “Voltage-Controlled
Rotation of Magnetic Anisotropy in the Ni 90 Fe 10 /BaTiO 3 (001)
Heterostructure,” Materials Advances 6 (2025): 5295-5302.

20. A. Bagri, A. Jana, G. Panchal, et al., “Light-Controlled Magnetoe-
lastic Effects in Ni/BaTiO; Heterostructures,” ACS Applied Materials &
Interfaces 15 (2023): 18391-18401, https://doi.org/10.1021/acsami.2c21948.

21. A. K. Biswas, H. Ahmad, J. Atulasimha, and S. Bandyopadhyay,
“Experimental Demonstration of Complete 180° Reversal of Magnetiza-
tion in Isolated Co Nanomagnets on a PMN-PT Substrate with Voltage
Generated Strain,” Nano Letters 17 (2017): 3478-3484, https://doi.org/10.
1021/acs.nanolett.7b00439.

22. A. Chen, H.-G. Piao, M. Ji, et al., “Using Dipole Interaction to Achieve
Nonvolatile Voltage Control of Magnetism in Multiferroic Heterostruc-
tures,” Advanced Materials 33 (2021): 2105902, https://doi.org/10.1002/
adma.202105902.

23.J. Cui, C.-Y. Liang, E. A. Paisley, et al., “Generation of Localized
Strain in a Thin Film Piezoelectric to Control Individual Magnetoelectric
Heterostructures,” Applied Physics Letters 107 (2015): 092903, https://doi.
0rg/10.1063/1.4930071.

24.J.-M. Hu, T. Yang, K. Momeni, et al., “Fast Magnetic Domain-Wall
Motion in a Ring-Shaped Nanowire Driven by a Voltage,” Nano Letters
16 (2016): 2341-23438, https://doi.org/10.1021/acs.nanolett.5b05046.

25. F. Luciano, L. Teugels, S. McMitchell, et al., “Microwave Properties of
Ba-Substituted Pb(Zr, 5, Tig 43)O3 after Chemical Mechanical Polishing,”
ECS Journal of Solid State Science and Technology 12 (2023): 094006,
https://doi.org/10.1149/2162-8777/acf4bb.

26. I. A. Campbell and A. Fert, “Transport Properties of Ferromagnets,”
Handbook of Ferromagnetic Materials 3 (1982): 747-804.

27.J. Smit, “Magnetoresistance of Ferromagnetic Metals and Alloys at
Low Temperatures,” Physica 17 (1951): 612-627, https://doi.org/10.1016/
0031-8914(51)90117-6.

28. L. Rondin, J.-P. Tetienne, T. Hingant, J.-F. Roch, P. Maletinsky, and
V. Jacques, “Magnetometry with Nitrogen-Vacancy Defects in Diamond,”
Reports on Progress in Physics 77 (2014): 056503, https://doi.org/10.1088/
0034-4885/77/5/056503.

29.Z. Dong, P. Zhao, X. Ma, X. Wang, and J. Jiao, “Internal Stress
Optimization Enhancing the Properties of KNN-based Ni-internal-
electrode Multilayer Piezoelectric Actuators,” Journal of the European
Ceramic Society 45 (2025): 117283, https://doi.org/10.1016/j.jeurceramsoc.
2025.117283.

30. N. Chowdhury and S. Bedanta, “Controlling the Anisotropy and
Domain Structure with Oblique Deposition and Substrate Rotation,” AIP
Advances 4 (2014): 027104.

31. S. E. Zirka, Y. I. Moroz, R. G. Harrison, and K. Chwastek, “On Physical
Aspects of the Jiles-Atherton Hysteresis Models,” Journal of Applied
Physics 112 (2012): 043916, https://doi.org/10.1063/1.4747915.

32. M. D. Nguyen, E. P. Houwman, M. Dekkers, and G. Rijnders,
“Strongly Enhanced Piezoelectric Response in Lead Zirconate Titanate
Films with Vertically Aligned Columnar Grains,” ACS Applied Mate-
rials & Interfaces 9 (2017): 9849-9861, https://doi.org/10.1021/acsami
.6b16470.

33. D. Sander, Magnetostriction and Magnetoelasticity (Springer Interna-
tional Publishing, 2021), 549-593.

34. S. Lindemann, J. Irwin, G.-Y. Kim, et al., “Low-Voltage Magnetoelec-
tric Coupling in Membrane Heterostructures,” Science Advances 7 (2021):
abh2294, https://doi.org/10.1126/sciadv.abh2294.

35. D. Hunter, W. Osborn, K. Wang, et al., “Giant Magnetostriction in
Annealed Co,_,Fe, Thin-Films,” Nature Communications 2 (2011): 518,
https://doi.org/10.1038/ncomms1529.

36. L. R. Nivedita, P. Manivel, R. Pandian, et al., “Enhancement of Magne-
tostrictive Properties of Galfenol Thin Films,” Journal of Magnetism and

8 of 9

Advanced Electronic Materials, 2026

95U8017 SUOWIWOD SAIIe81D 8|qeal|dde auyy Ag peusenob afe sajoiie O ‘88N JO S3|nJ 1oy Akeiqiauluo 8|1/ UO (SUOTIPUOD-pUe-SWUBW0Y A8 | 1M Alelq 1 jpuluo//Sdny) SUORIPUOD pue SWB | 84} 89S *[9202/60/60] U0 AelqiauljuO 481 ‘6£8005202 W B./Z00T OT/I0P/W0D A8 1M Aelq 1 pul|UO"peaUeADe//:Sdny Wolj papeoiumod ‘TT ‘9202 ‘X09T66TZ


https://doi.org/10.1109/IEDM19574.2021.9720677
https://doi.org/10.1038/s41586-018-0770-2
https://doi.org/10.1063/1.5031446
https://doi.org/10.1038/nature22389
https://doi.org/10.1038/nature07318
https://doi.org/10.1103/PhysRevLett.104.127202
https://doi.org/10.1038/nature14004
https://doi.org/10.1103/PhysRevLett.94.117203
https://doi.org/10.1063/1.4754424
https://doi.org/10.1063/1.4978270
https://doi.org/10.3390/s20051532
https://doi.org/10.1063/1.4745789
https://doi.org/10.1021/acsami.2c21948
https://doi.org/10.1021/acs.nanolett.7b00439
https://doi.org/10.1002/adma.202105902
https://doi.org/10.1063/1.4930071
https://doi.org/10.1021/acs.nanolett.5b05046
https://doi.org/10.1149/2162-8777/acf4bb
https://doi.org/10.1016/0031-8914(51)90117-6
https://doi.org/10.1088/0034-4885/77/5/056503
https://doi.org/10.1016/j.jeurceramsoc.2025.117283
https://doi.org/10.1063/1.4747915
https://doi.org/10.1021/acsami.6b16470
https://doi.org/10.1126/sciadv.abh2294
https://doi.org/10.1038/ncomms1529

Magnetic Materials 451 (2018): 300-304, https://doi.org/10.1016/j.jmmm.
2017.11.030.

37. K. Umadevi, J. A. Chelvane, and V. Jayalakshmi, “Magnetostriction
and Magnetic Microscopy Studies in Fe-Co-Si-B Thin Films,” Materials
Research Express 5 (2018): 036102.

38. H. Liu, H. Wu, K. P. Ong, et al., “Giant Piezoelectricity in Oxide Thin
Films with Nanopillar Structure,” Science 369 (2020): 292-297, https://doi.
org/10.1126/science.abb3209.

39. A. Fernandez, M. Acharya, H.-G. Lee, et al., “Thin-Film Ferro-
electrics,” Advanced Materials 34 (2022): 2108841, https://doi.org/10.1002/
adma.202108841.

40. A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen, F. Garcia-
Sanchez, and B. Van Waeyenberge, “The Design and Verification
of MuMaxs,” AIP Advances 4 (2014): 107133, https://doi.org/10.1063/1.
4899186.

Advanced Electronic Materials, 2026

9 of 9

95U8017 SUOWIWOD SAIIe81D 8|qeal|dde auyy Ag peusenob afe sajoiie O ‘88N JO S3|nJ 1oy Akeiqiauluo 8|1/ UO (SUOTIPUOD-pUe-SWUBW0Y A8 | 1M Alelq 1 jpuluo//Sdny) SUORIPUOD pue SWB | 84} 89S *[9202/60/60] U0 AelqiauljuO 481 ‘6£8005202 W B./Z00T OT/I0P/W0D A8 1M Aelq 1 pul|UO"peaUeADe//:Sdny Wolj papeoiumod ‘TT ‘9202 ‘X09T66TZ


https://doi.org/10.1016/j.jmmm.2017.11.030
https://doi.org/10.1126/science.abb3209
https://doi.org/10.1002/adma.202108841
https://doi.org/10.1063/1.4899186

	Nonlinear Strain-Mediated Magnetoelectric Coupling in Sub-Microscale Ni/BPZT Thin-Film Devices
	1 | Introduction
	2 | Results and Discussion
	2.1 | Device and Measurement Configurations
	2.2 | Magnetic Characterization of the Ni Stripe
	2.3 | Voltage-Driven Magnetization Control

	3 | Conclusion
	4 | Methods
	4.1 | Growth and Chemical Mechanical Polishing of Piezoelectric Thin Films
	4.2 | Scanning Nitrogen-Vacancy Magnetometry (SVNM)
	4.3 | Magnetotransport measurements
	4.4 | Simulation Framework

	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


