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Magnetic-Field Induced Charge Accumulation in Scalable
Magnetoelectric PVDF-TrFE/Ni Composite Devices
Federica Luciano, Erika Giorgione, Emma Van Meirvenne, Andrei Galan, Ilaria Marzorati,
Arne De Coster, Dominika Wysocka, Bart Sorée, Stefan De Gendt, Florin Ciubotaru,
and Christoph Adelmann*

This study investigates the direct magnetoelectric effect in thin film composites
comprising a 550 nm thick poly(vinylidene fluoride-trifluoroethylene)
(PVDF-TrFE) layer spin-coated onto a 500 µm thick Ni foil substrate.
Direct measurements of charge accumulation on dot capacitors with
Au top electrodes, induced by the rotation of Ni magnetization from in-plane
to out-of-plane orientation by an applied magnetic field, reveal pronounced
magnetoelectric coupling. Polarization differences between in-plane and out-
of-plane magnetization states of up to (13.8± 0.8) × 10−4 µC cm−2 are derived
from charge measurements. This corresponds to a maximum open circuit volt-
age difference of up to 75 ± 6 mV and a magnetoelectric coupling coefficient
with respect to magnetization changes of 310 ± 27 mVA−1. Finite element
simulations using COMSOL Multiphysics corroborate experimental findings,
indicating near-independence of generated polarizations and open circuit volt-
ages when lateral capacitor dimensions are reduced into the nanometer range.
Simulations of nanoscale pillar devices on rigid substrates, employing ma-
terials with optimized piezoelectric and magnetostrictive parameters, predict
the potential for generating large open circuit voltage differences exceeding
2 V, highlighting the prospects of such devices for spintronic applications.

1. Introduction

Magnetoelectrics are materials that exhibit an intrinsic coupling
between electric polarization and (ferromagnetic) magnetizati-
on.[1–7] This coupling enables the manipulation of the material’s
magnetic properties using an external voltage, or conversely, the
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control of polarization via an external
magnetic field. This dual functional-
ity has garnered considerable attention
from both fundamental and applied re-
search perspectives.[6,8–11] Recent efforts
have increasingly focused on leverag-
ing magnetoelectric phenomena for mi-
croelectronic device applications, includ-
ing logic gates, memory cells, or mag-
netic sensors.[6,9–11] The converse magne-
toelectric effect, in particular, promises to
enable low-voltagemagnetizationmanip-
ulation of nanomagnets at much lower
power than methods using, e.g., spin-
transfer or spin-orbit torques.[9–14] Alter-
natively, the direct magnetoelectric effect
may be used to read the magnetization
state of a nanomagnet, potentially gen-
erating large polarizations equivalent to
voltages that significantly exceed those
achievable, e.g., through inverse spin-
Hall effect-based detection schemes.
Magnetoelectric materials encom-

pass single-phase multiferroics, which
simultaneously exhibit ferroelectric and (anti-)ferromagnetic
ordering.[5,15–18] However, the scarcity of room-temperature
multiferroics,[19] primarily limited to BiFeO3 with its relatively
weak intrinsic coupling,[20] has spurred interest in composite
systems.[1,4,6,21–24] Such magnetoelectric composites, composed
of piezoelectric and ferromagnetic magnetostrictive phases,
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often demonstrate substantially larger coupling strengths. In
these systems, the magnetoelectric coupling is mediated by
strain, induced either through piezoelectric actuation by applied
electric fields (converse magnetoelectric effect) or magnetostric-
tive response by applied magnetic fields (direct magnetoelectric
effect). Among these composites, piezoelectric/magnetostrictive
bilayers represent the simplest and most studied systems.
Much progress has been achieved in recent years concerning

the efficient electrical manipulation of ferromagnets via the con-
verse magnetoelectric effect.[10,14,25] Magnetoelectric composites
with large coupling coefficients have been reported, which en-
ables the manipulation of their magnetization under the appli-
cation of low electric fields.[25–29] Additionally, exchange-coupled
bilayers comprising multiferroic BiFeO3 and ferromagnetic thin
films (e.g., CoFe) have demonstrated low switching voltages
down to 150 mV due to the utilization of ultrathin multiferroic
films.[10,14,30,31] Nonetheless, a key remaining issue consists of
downscaling these devices to dimensions compatible withmicro-
electronic applications.
In contrast, the generation of charge or polarization (voltage)

in thin film devices from external magnetic fields via the direct
magnetoelectric effect remains a formidable challenge. To date,
experimental demonstrations utilizing thin films of single-phase
multiferroics like BiFeO3 have been elusive. While the direct
magnetoelectric effect in magnetoelectric composites has been
extensively studied,[4,32,33] device miniaturization represents a
significant challenge, hindered by measurement sensitivity limi-
tations at small scales. Advancements in this area could become
particularly enabling for low-power spintronic applications,[34,35]

where conventional readout methods, such as tunnel magne-
toresistance or inverse spin-Hall effect, suffer from high power
consumption[36] or low generated voltages,[9,37–41] respectively.
In this work, we present an investigation of the magneto-

electric coupling in poly(vinylidene fluoride-trifluoroethylene)
(PVDF-TrFE)/Ni bilayer composites through direct measure-
ment of charge accumulation induced by magnetization rotation
from in-plane to out-of-plane orientation. This configurationmit-
igates the influence of domain formation in larger in-plane mag-
netized devices and superparamagnetism in smaller structures,
hence improving scalability. Experimental results demonstrate
polarization differences of up to 13.8 × 10−4 μCcm−2 between
in-plane and out-of-plane magnetization states, corresponding
to an open circuit voltage difference of 75 mV. Finite element
simulations corroborate the experimentally determined charge
and polarization values and predict the scalability of the device to
the nanometer regime without significant performance degrada-
tion. Furthermore, simulations indicate that optimized material
selection and device geometry can yield nanoscale magnetoelec-
tric composite devices on Si substrates polarizations equivalent
to open circuit voltage differences of more than 2 V.

2. Experimental Investigation of Magnetoelectric
Coupling in PVDF-TrFE/Ni Bilayer Composites

2.1. Sample Preparation and Magnetoelectric Composite
Characteristics

This study investigates the direct magnetoelectric effect in com-
posite structures comprising magnetostrictive nickel (Ni) foils

and piezoelectric PVDF-TrFE thin films. Amongst the copoly-
mers of poly(vinylidenefluoride) (PVDF), PVDF-TrFE stands out
due to its strongly enhanced piezoelectric response.[42] Figure 1a
illustrates the fabrication process for the investigated devices. A
550 nm thick PVDF-TrFE layer was spin-coated onto a 500 μm
thick self-supporting Ni foil substrate, followed by thermal evap-
oration of a 200 nm Au film through a shadow mask to define
Au dot electrodes with diameters ranging from 200 to 750 μm.
Figure 1b presents amicrograph ofmultiple dot capacitor devices
of varying diameters. Atomic force microscopy (AFM) analysis of
the PVDF-TrFE surface morphology, as depicted in Figure 1c, re-
vealed a uniform and pinhole free layer with a relatively low root
mean square (RMS) roughness of 3.5 nm.
Ferromagnetic properties of the Ni foils were characterized

using vibrating sample magnetometry (VSM). Figure 2a,b show
magnetization versus applied magnetic field curves for in-plane
and out-of-plane configurations, respectively. The in-plane hys-
teresis loop exhibited minimal coercivity (≈1.5 mT) and negligi-
ble remanence, indicative of magnetic domain formation at low
field strengths. Above ≈50 mT, the magnetization saturated at
Ms = 440 kA/m, consistent with bulk Ni.[43] By contrast, signifi-
cantly higher out-of-planemagnetic fields of 0.6 T were necessary
to reach saturation due to substantial demagnetizing field effects,
i.e., due to shape anisotropy, in this configuration.
As-deposited PVDF-TrFE films crystallize in the nonferroelec-

tric 𝛼-phase. Therefore, the films must be transformed into
the ferroelectric 𝛽-phase, which generates spontaneous polar-
ization by forming electric dipoles perpendicular to the chain
direction.[42,44] Figure 2c schematically illustrates the polymer
chain conformations of the 𝛼- and 𝛽-phases for PVDF. The 𝛼-
phase exhibits a TGTG (trans-gauche-trans-gauche) conforma-
tion, while the ferroelectric 𝛽-phase adopts a TTTT (trans-trans-
trans-trans) configuration, which leads to electric dipole forma-
tion. The transformation into the 𝛽-phase was achieved through
AC poling using 200 triangular pulses (80 V peak-to-peak) at
50 Hz.[45]

The ferroelectric properties of the PVDF-TrFE films were char-
acterized through polarization versus applied electric field (P–E)
hysteresis loop measurements. The measurements were carried
out for each dot diameter and are reported in Figure 2d, showing
clear ferroelectric hysteresis. The observed coercive field (Ec) was
≈450 kVcm−1, with remnant polarization (Pr) and saturation po-
larization (Ps) values of 6.0 ± 0.5 μCcm−2 and 7.2 ± 0.5 μCcm−2,
respectively. These ferroelectric parameters showed only a weak
dependence on the dot diameter and were consistent with pre-
viously reported values for PVDF-TrFE films.[46,47] This suggests
a high 𝛽-phase content within the PVDF-TrFE films on Ni foils
after poling.[48]

In addition, capacitance–voltage (C–V) hysteresis loops were
measured for devices of various dot dimensions and are pre-
sented in Figure 2e. These measurements were conducted at
a frequency of 10 kHz, revealing characteristic butterfly-shaped
loops when sweeping the DC bias voltage between −35 and 35 V.
The measured capacitance per area exhibited minor variation
between different dots. The relative dielectric constant 𝜅 of the
PVDF-TrFE layer was estimated from the experimentally deter-
mined capacitance C. The 𝜅 values at zero bias ranged from 10.8
to 11.9, consistent with previously reported values for 𝛽-phase
PVDF-TrFE.[47,48] Minor variations in 𝜅 between different dots
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Figure 1. a) Schematic representation of the device fabrication process. The studied magnetoelectric composite devices consist of a Ni foil, a PVDF-TrFE
thin film, and a patterned Au top electrode forming an array of dot capacitors. b) Optical micrograph of the fabricated devices with top electrode dots of
varying diameters. c) AFM image of the surface morphology of the PVDF-TrFE layer deposited on the Ni foil.

Figure 2. a) In-plane and b) out-of-plane magnetic hysteresis (M–H) loops of Ni foils measured by VSM. c) Schematic illustration of the AC poling
process inducing the phase transition from the non-polar 𝛼- to the ferroelectric 𝛽-phase of PVDF. d) Polarization versus applied electric field (P–E)
hysteresis loops of 550 nm thick PVDF-TrFE films for varying Au top electrode dot diameters. e) Capacitance versus applied voltage (C–V) and dielectric
constant versus applied voltage (𝜅–V) hysteresis loops of 550 nm thick PVDF-TrFE films with varying Au top electrode dot diameters. The characteristic
butterfly loops and overlapping curves confirm the ferroelectric nature of the material and the consistency across different dot sizes.
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Figure 3. a) Schematic representation of the magnetoelectric measurement setup and magnetic field configuration. b) Charge accumulation (ΔQ) as a
function of magnetic field for a PVDF-TrFE/Pt/Si capacitor, demonstrating negligible charge generation in the absence of a magnetostrictive layer. c) ΔQ
as a function of magnetic field for a PVDF-TrFE/Ni capacitor, overlaid with the out-of-plane magnetization curve of the Ni foil. The correlation between
charge saturation and magnetization saturation can be clearly seen. d) ΔQ as a function of magnetic field for different device dimensions. e) Deduced
open circuit voltage and polarization differences as a function of magnetic field for different device dimensions.

can be attributed to thickness fluctuations, dot areameasurement
errors, and/or 𝛽-phase contents.

2.2. Magnetoelectric Effect in PVDF-TrFE/Ni Composites

The magnetoelectric response of the PVDF-TrFE/Ni bilayers was
evaluated by quantifying the charge accumulation under applied
DC magnetic fields ranging from −1 to 1 T, perpendicular to
the sample plane. Figure 3a illustrates the experimental configu-
ration. Compared to previously employed AC measurements in
the small signal regime,[49–52] DC chargemeasurements offer en-
hanced immunity to artifacts, e.g., due to induction,[53] and pro-
vide direct access to electrical parameters like generated polariza-
tion. As a control experiment, PVDF-TrFE films deposited on a
Si (100) substrate with a 100 nm Pt bottom electrode and iden-
tical Au top electrodes exhibited negligible charge accumulation
above the noise floor (Figure 3b), consistent with the absence of
magnetoelectric coupling in this nonmagnetic stack.
In contrast, PVDF-TrFE/Ni samples exhibited clear charge ac-

cumulation indicative of a magnetoelectric response. Figure 3c
shows representative data for a 400 μm diameter dot. When the
applied magnetic field was swept from 0 T to 1 T, the magnetiza-
tion progressively reoriented out of the plane, saturating at ≈0.6
T. This magnetization rotation induced strain 𝜖 within the Ni foil
via magnetostriction, described by:

𝜀mME = 3
2

⎛
⎜
⎜
⎜
⎝

𝜆100m
2
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1
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⎟
⎠

(1)

where m = {mx,my,mz} is the normalized magnetization direc-
tion vector and 𝜆100 and 𝜆111 denote the saturation magnetostric-
tion coefficients in the respective crystallographic directions for
fcc Ni. A detailed discussion of the generated spatial strain dis-
tribution using finite element simulations will follow in the next
section.
The transferred strain induces a piezoelectric polarization

within the PVDF-TrFE film, resulting in the development of an
open-circuit voltage. When the capacitor’s electrodes are con-
nected, either through the electrometer circuit or intrinsic leak-
age pathways, the device functions as a transient current source
and charge accumulates on the electrodes to compensate for the
piezoelectric polarization. By integrating the measured current
through the electrometer, the polarization change can be quanti-
fied, similar to standard ferroelectric polarizationmeasurements.
We note that direct open-circuit voltage measurements in practi-
cal piezoelectric sensors are hindered by inevitable leakage cur-
rents, leading to transient voltage buildup. Consequently, charge
measurements are generally favored over direct voltagemeasure-
ments for (quasi-)static excitations.[54]

Measurements performed for both positive and negative
magnetic fields, as well as with increasing and decreasing
magnetic field sweeps (termed “forward” and “backward”, re-
spectively), yielded identical results within experimental pre-
cision, consistent with the symmetry of the magnetoelastic
response. Notably, the charge accumulation saturated at the
same magnetic field as the magnetization rotation, confirming
a direct correlation between the magnetoelectric response and
magnetization orientation. The measured charge difference for
the 400 μm diameter dot between fully in-plane and out-of-plane
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magnetization orientations was ≈1.2 pC. We note that raw mea-
surement data were corrected for a linear charge drift caused by
the input bias current of the electrometer. Minor discrepancies
in the saturation region between positive and negative bias volt-
ages may be attributed to inherent limitations in the drift correc-
tion process, resulting in slight residual variations in the adjusted
data.
The induced electric polarization (expressed as an open circuit

voltage differenceΔVME) between in-plane and out-of-planemag-
netization states across the PVDF-TrFE capacitor was determined
by dividing the measured charge difference by the experimental
capacitance at zero bias (C0). For the specific dot dimension of
400 μm, this resulted in ΔVME = 46 ± 4 mV. Notably, this open
circuit voltage difference was significantly smaller than the fer-
roelectric coercive voltages, justifying the approximation of con-
stant capacitance at zero bias.
The measurement of dots with different diameters further al-

lowed for the assessment of area scaling of the induced charges
and open circuit voltages. While a more detailed study using fi-
nite element simulationswill be presented below, ignoring elastic
and dielectric edge effects in a planar capacitor geometry leads to
simplified expressions for charge, polarization, and open circuit
voltage differences between in-plane and out-of-plane magneti-
zation states:

ΔQ = A ⋅ d33 ⋅ 𝜆 ⋅ Y (2)

ΔPME = ΔQ∕A = d33 ⋅ 𝜆 ⋅ Y (3)

ΔVME = t ⋅ d33 ⋅ 𝜅
−1 ⋅ 𝜆 ⋅ Y (4)

Here, A is the area of the capacitor, 𝜆 the magnetostrictive sat-
uration strain of the Ni foil, whereas t, d33, 𝜅, and Y are the thick-
ness, the piezoelectric charge coefficient, the dielectric constant,
and the Young’s modulus of the PVDF-TrFE film, respectively.
The equations indicate that the charge accumulation should in-
crease linearly with capacitor area (quadratically with dot diame-
ter), whereas the generated polarization and open circuit voltage
differences are area independent. As depicted in Figure 3d, the
charge difference (∆Q) exhibits a positive correlation with the dot
diameter, demonstrating a clear increasing trend. Conversely, the
data in Figure 3e, showing voltage and polarization differences,
demonstrate rather a decreasing trend with increasing dot diam-
eter. However. it is important to note that the preceding equa-
tions were derived under the assumption of complete uniform
strain transfer within the piezoelectric layer, a condition that may
not completely hold for the present geometry. Moreover, increas-
ing leakage currents due to defects in the larger dots may also
contribute to the reduction of accumulated charge per area and
voltage. To address this, a more comprehensive analysis of the
area dependence, based on finite element simulations, will be
discussed in the subsequent section.
From these measurements for a 550 nm thick PVDF-TrFE

film,we obtained amaximumpolarization difference between in-
plane and out-of-plane magnetization orientation for the 250 μm
dot of ∆PME = (13.8 ± 0.8) × 10−4 μCcm−2, which corresponds to
an open circuit voltage difference of∆VME = (75± 6) mV. By con-
trast, the minimum values in our experiments were ∆PME = (6.0

± 0.3) × 10−4 μCcm−2 and ∆VME = 36 ± 2 mV, obtained for the
750 μm dot.
The experimental data allow us to estimate a magnetoelectric

coupling coefficient for the PVDF-TrFE/Ni bilayers, defined as

𝛼ME =
ΔVME

t ⋅ 𝜇0H
(5)

where µ0 is the vacuum permeability. This yields coupling co-
efficients in the range from (1.1 ± 0.1) × 105 Vm−1T−1 to (2.3
± 0.2) × 105 Vm−1T−1, depending on the dot diameter, up to the
magnetic field at which the out-of-planemagnetization saturates.
Notably, this value is smaller than those observed for in-plane
magnetic fields[49–52] due to the presence of strong demagnetiza-
tion fields and the resulting low magnetic susceptibility in our
configuration. Enhancing the permeability through the selection
ofmagnetostrictivematerials with reduced shape anisotropy near
the transition to perpendicular anisotropy, such as tailored Co/Ni
multilayers, could potentially address this limitation, although
this is beyond the scope of this work. A more direct comparison
of magnetoelectric coupling coefficients that is less dependent
on geometry can be achieved by defining the magnetoelectric re-
sponse with respect to magnetization rather than applied field as

𝛼MME = 1
𝜒

𝛼ME (6)

with the magnetic susceptibility 𝜒 . In our geometry, the sus-
ceptibility of the magnetic component of the magnetostrictive
composite 𝜒 = 1 up to the saturation field, leading to values
of 𝛼MME between 150 ± 12 mVA−1 for the 750 μm dot and 310
± 27 mVA−1 for the 250 μm dot. These magnetoelectric coeffi-
cients for PVDF-TrFE/Ni are around one to two orders of mag-
nitude larger than those reported in previous studies employ-
ing small-signal AC magnetic measurements on in-plane mag-
netized Ni foils combined with various piezoelectric thin films
(Pb[ZrxTi1-x]O3, Ba[ZrxTi1-x]O3-[BaxCa1-x]TiO3, or AlN).

[49–52] This
difference can be attributed to improved material parameters but
mainly to the adverse impact of magnetic domain formation near
zero in-plane magnetic field in previous studies, which strongly
reduces the magnetostrictive response of the ferromagnetic sub-
strate. This effect is much less pronounced in the out-of-plane
configuration employed here.

3. Finite Element Simulations of Magnetoelectric
Capacitors

3.1. Scaling of PVDF-TrFE/Ni Magnetoelectric Capacitors

A primary objective in magnetoelectric research for micro-
electronics is the characterization of device properties at the
nanoscale. However, experimental investigations ofminiaturized
magnetoelectric devices pose significant challenges due to the
rapid reduction of the generated charge below the measurement
sensitivity threshold for PVDF-TrFE/Ni capacitors with diameters
<≈100 μm.Whilemulti-dot arrays can potentially enhance sensi-
tivity, they introduce additional issues related to leakage current
control and require complex contacting schemes. Alternatively,
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Figure 4. Finite element simulations of direct magnetoelectric effects in PVDF-TrFE/Ni bilayer composites. a) Schematic of the COMSOL Multiphysics
simulation framework. b–g) Spatial distributions of in-plane (𝜖xx) and out-of-plane (𝜖zz) normal strain components for different Au top electrode diame-
ters: (b,c) 1 μm, (d,e) 10 μm, (f,g) 200 μm. The results show that strain transfer from Ni to PVDF-TrFE increases with larger Au electrodes, but is limited
by strain relaxation at the edges. h,i) Simulated charge accumulation (ΔQ) and magnetoelectric polarization (open circuit voltage) difference (ΔVME)
as a function of Au electrode diameter, demonstrating reasonable agreement with experimental data without adjustable material parameters.

readout transistors also offer the potential to improve sensitivity,
but the (monolithic) integration of scaledmagnetoelectric devices
with similarly scaled transistors remains a complex experimen-
tal challenge. Consequently, in this work, we have employed fi-
nite element simulations, calibrated against experimental data,
to assess the scalability of PVDF-TrFE/Ni capacitors to nanoscale
lateral dimensions. This modeling approach further enables the
assessment of the validity of Equations (2)–(4) in the presence of
elastic and electrical nonideality and can provide insight into the
operation of the devices.
Finite element simulations were carried out using COMSOL

Multiphysics to characterize the elastic response of Au/PVDF-
TrFE/Ni capacitors, predict magnetoelectric polarization as well
as open circuit voltage and charge differences, and evaluate the
effects of dimensional scaling. The static magnetoelectric effect
was modeled under the assumption of uniform magnetization
within the Ni foil, neglecting magnetic domain formation due
to the applied magnetic field configuration. Figure 4a depicts
the simulation framework. Saturated out-of-plane magnetization

and the ensuing magnetostrictive (saturation) strain were simu-
lated by applying a surface magnetoelastic force to the magne-
tostrictive layer. The resulting strain distribution in the magne-
tostrictive and piezoelectric layers was determined using linear
elasticity, which was coupled to the electrostatic response via a
linear piezoelectric model to calculate charge accumulation and
generated polarization. All material parameters used in the sim-
ulations are listed in Table 1.
Figure 4b,c illustrate the calculated in-plane (𝜖xx) and out-of-

plane (𝜖zz) normal strain distributions for a 1 μm wide Au top
electrode, respectively. According to Equation (1), an out-of-plane
magnetic field induces an out-of-plane uniaxial strain in the Ni
substrate, resulting in an out-of-plane tetragonal distortion. The
simulations find nearly complete strain transfer from Ni to the
PVDF-TrFE film. The relaxed Au electrode induces a minor re-
duction in in-plane strain near the electrode-PVDF-TrFE inter-
face due to clamping. At the electrode corners, nanoindentation
effects lead to an increase in in-plane strain 𝜖xx and the genera-
tion of shear strain (not shown) at the top of the PVDF-TrFE layer.
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Table 1.Material parameters for COMSOL Multiphysics simulations. For Ni and Terfenol-D, the magnetostriction coefficients b1 and b2 are equal, thus
only b1 is listed. Parameters without specified sources were obtained from the COMSOL Multiphysics Material Library. Values marked with an asterisk
(*) were determined experimentally.

Material Young’s modulus [GPa] Poisson ratio Relative permittivity 𝜅 Piezoelectric coefficient d33 [pC
N−1]

Saturation magnetostriction 𝜆

[ppm]
b1 [MPa]

Ni[55,56] 200 0.31 - - 50 10

PVDF-TrFE 3.6[57] 0.4[57] 11.4* −58[47] - -

Au 70 0.44 - - - -

Terfenol-D[58–60] 70 0.25 - - 1690 118

ScAlN[61] 185 0.33 16.0* −26.3 - -

Additionally, the presence of the Au electrode enhances the out-
of-plane strain 𝜖zz in the underlying PVDF-TrFE layer, potentially
increasing the piezoelectric polarization due to clamping.
Increasing the Au electrode diameter significantly alters the

strain distribution within the system. Figure 4d,e present views
of the calculated 𝜖xx and 𝜖zz distributions around the outer part
of a 10 μmwide Au electrode. These results demonstrate that the
Au electrode is strained at its center, with complete strain transfer
from the Ni substrate to both the PVDF-TrFE film and the Au
electrode. Near the electrode edges, strain relaxation occurs due
to free sidewalls, which locally enhances the out-of-plane strain
in the PVDF-TrFE layer, qualitatively similar to the case of the
1 μm Au electrode. Nanoindentation effects increase the surface
in-plane strain in the PVDF-TrFE layer outside the electrode close
to its edges, again qualitatively similar to the observations for the
1 μm Au electrode.
Lastly, we examine the calculated 𝜖xx and 𝜖zz distributions for

a 200 μm wide Au top electrode, as shown in Figure 4f,g, respec-
tively. Similar to the 10 μm wide Au electrode, complete strain
transfer from the Ni foil to both the PVDF-TrFE layer and the Au
electrode occurs at the electrode center. Again, strain relaxation
due to free sidewalls can be observed near the electrode edges.
For dot diameters significantly larger than the edge relaxation
length scales, the strain within the structures can be accurately
approximated as uniform, validating Equations (2)–(4).
A comparison between the calculated charge accumulation

(Figure 4h) between in-plane and out-of-planemagnetization ori-
entations with the experimental data presented in the preceding
section shows reasonable agreement without the need for ad-
justable parameters, in particular for the smallest dot diameters.
The simulation results indicate quadratic area scaling of the accu-
mulated charge down to the smallest areas (Figure 4h), in keep-
ing with the case of uniform strain described by Equation (2).
As depicted in Figure 4i, the simulated voltage differences cor-

roborate the overall scaling behavior. Notably, the voltage differ-
ence exhibits only a minimal dependence on the electrode area.
The slight variation can be attributed to the influence of the Au
electrode and its diameter-dependent strain state, as discussed
above. For dot electrodes exceeding 50 μm, the strain within the
PVDF-TrFE layer can be assumed to be uniform, resulting in a
diameter-independent device response. Conversely, for smaller
dot electrodes ranging from 1 to 50 μm, a slightly larger voltage
difference is observed, likely due to edge relaxation effects in the
top electrode, which tend to increase the out-of-plane strain in
the underlying PVDF-TrFE layer. Finally, for the smallest diam-
eters below 1 μm, a modest decrease in the voltage difference

with decreasing Au electrode diameter is observed, potentially
attributable to nanoindentation phenomena. Overall, the simu-
lations clearly demonstrate the scalability of these devices, ex-
hibiting quadratic area scaling of the generated charge and mini-
mal variations in polarization a wide range of lateral dimensions,
down to the 100 nm scale.
For the smallest dot diameters, the experimentally mea-

sured voltage differences also agree well with the simulated
values within the measurement accuracy, without the need
for adjustable parameters. For larger dots with diameters ex-
ceeding 300 μm, the experimental charge density and open
circuit voltage differences progressively fall below the simu-
lated values, although they remain within the same order of
magnitude. This discrepancy can be attributed to the presence
of leakage currents through the PVDF-TrFE film, possibly due
to an increasing number of (localized) leakage pathways in
larger dots, resulting in a reduction of the measured charge
per area and consequently to reduced polarization differences.
This is also consistent with the observed lower device yield for
the largest dots with 750 μm diameter. In general, however,
the reasonable correlation between simulations and experi-
mental results provides robust validation of the simulation
framework.

3.2. Finite Element Simulations Scaled Magnetoelectric Devices:
High Polarization and Charge Accumulation at Nanometer
Lateral Dimensions

The eventual integration of scaled magnetoelectric devices
with conventional complementary metal-oxide-semiconductor
(CMOS circuitry on Si substrates is essential for microelectronic
applications.[34,35] Large, micrometer-sized devices employing
both magnetostrictive and piezoelectric thin films on rigid sub-
strates suffer from substrate clamping effects, leading often to
a strong reduction in magnetoelectric response. Mitigating this
challenge requires miniaturization of device lateral dimensions
and an increase in aspect ratio to facilitate unconstrained mo-
tion of sidewalls.While optimization ofmagnetoelectric coupling
in macroscopic devices relies primarily on tailoring piezoelec-
tric and magnetostrictive material parameters, nanoscale devices
exhibit also a strong dependence on structural dimensions as
well as on the mechanical properties of the surroundings. Con-
sequently, finite element simulations are necessary for accurate
device characterization due to the pronounced influence of non-
idealities, such as nanoindentation or local clamping effects.
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Figure 5. a) Schematic representation of a nanoscale piezoelectric device with a 50 nm thick ScAlN layer sandwiched between two Terfenol-D layers of
variable thickness. b,c) Spatial distributions of in-plane (𝜖xx) and out-of-plane (𝜖zz) normal strains in the ScAlN layer when the magnetization is oriented
out of plane. Simulated strains reach 500 ppm for 𝜖xx and 1500 ppm for 𝜖zz. d) Simulated open circuit voltage difference ΔVME between in-plane and
out-of-plane magnetization orientations, exceeding 2 V in range of parameters studied here. e,f) Simulated ΔVME as a function of Terfenol-D thickness
(e, ScAlN width of 40 nm) and ScAlN lateral dimension (f, Terfenol-D thickness of 300 nm).

Using this approach, we have designed a nanoscale mag-
netoelectric device,[62] similar to piezoelectric transistor
architectures,[63,64] and simulated its performance using the
calibrated COMSOL model described above. This device, de-
picted schematically in Figure 5a, comprises a piezoelectric pillar
sandwiched between two magnetostrictive elements, which also
function as electrodes if metallic. Material optimization, consid-
ering thematerial properties aswell as their CMOS-compatibility,
led to the selection of ScAlN (Sc0.4Al0.6N) as the piezoelectric and
Terfenol-D (Tb0.3Dy0.7Fe2) as the magnetostrictive component.
Both materials can be deposited in form of polycrystalline thin
films using techniques (e.g., PVD) compatible with CMOS man-
ufacturing. While the lateral dimensions of the magnetostrictive
element were constant (200 nm) and its thickness was varied
in the simulations, the thickness of the piezoelectric element
remained constant (50 nm) and its lateral dimensions were
variable. To optimize strain transfer,[64,65] the device’s top and
bottom surfaces were assumed to be mechanically constrained,
which could be achieved in practice by encapsulating the device
by surrounding layers with a high Young’s modulus such as
TiN or diamond. Finite element simulations within the pre-
viously described framework were then used to calculate the
mechanical response as well as voltage differences between in-
plane and out-of-plane magnetization orientations. Figure 5b,c
illustrate the resulting strain distributions, revealing substan-
tial strain generation within the piezoelectric element and
notable backaction effects on the magnetostrictive electrodes,
particularly near the piezoelectric element corners, due to
nanoindentation.

The simulated voltage differences depicted in Figure 5d show
substantial induced polarization differences, equivalent to open
circuit voltage differences exceeding 2 V, for scaled devices with
nanometer dimensions comparable to, e.g., those of state-of-the-
art MRAM cells. The data underscore the dominant influence of
device dimensions on device performance, in particular of the
magnet thickness (Figure 5e), with the width (aspect ratio) of the
piezoelectric element also contributing significantly (Figure 5f).
These findings highlight the promising potential ofmagnetoelec-
tric devices for spintronic applications, due to the possibility to
generate large CMOS-compatible open circuit voltages at scaled
dimensions, even on rigid substrates.

4. Conclusion

In conclusion, we have experimentally investigated the magneto-
electric coupling in PVDF-TrFE/Ni bilayers by directlymeasuring
the charge accumulation (ΔQ) induced by out-of-plane magneti-
zation rotation via an appliedmagnetic field. The observed device
response exhibited no dependence on magnetic field polarity or
sweep direction, consistent with the expected behavior of magne-
toelectric coupling.Measurements foundmaximumpolarization
differences (ΔPME) between in-plane and out-of-plane magneti-
zation orientations of up to (13.8± 0.8)× 10−4 μCcm−2. This value
was equivalent to an open circuit voltage difference (ΔVME) of 75
± 6mV, usingmeasured capacitances. To compensate for the low
near-unity permeability associated with strong demagnetizing
fields in the present configuration, magnetoelectric coupling
coefficients were determined with respect to magnetization
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rather than magnetic field, yielding a maximum value of 310
± 27 mVA−1. This represents approximately a one to two orders
of magnitude increase compared to previously reported values
for Ni foil/thin film piezoelectric in in-plane geometries.[49–52]

Finite element simulations using COMSOL Multiphysics cor-
roborated the experimental results regarding charge accumula-
tion and voltage differences in PVDF-TrFE/Ni bilayer capacitors.
A good agreement was in general observed between simulated
and experimental results. Moreover, simulations demonstrated
the scalability of the devices, with minimal (within 10%) varia-
tion in open circuit voltage differences across different lateral di-
mensions down to the 100 nm range. Minor deviations could be
ascribed to edge effects and clamping induced by the Au top elec-
trodes. Additional simulations using optimized materials and
structures, employing Terfenol-D and ScAlN as magnetostrictive
and piezoelectric materials, respectively, predicted large open cir-
cuit voltage differences exceeding 2 V for nanoscale devices on
rigid substrates.
These findings highlight the potential of magnetoelectric ma-

terials to generate substantial polarization and charge accu-
mulation. Despite the potential for ultralow power spintronic
logic,[9,66–69] the inefficiencies inherent in the transduction be-
tweenmagnetic and electric domain currently counterbalance all
anticipated benefits due to utilizing magnetic excitations rather
than charge carriers for computation.[34] Consequently, the real-
ization of scaled magnetoelectric readout devices would consti-
tute a major advance for spintronic applications,[9] enabling po-
tentially faster readout at lower power. Coupling such devices,
e.g., to gates of scaled transistors, which can be turned on or off
by the magnetoelectric charge, has the potential for large mag-
netoresistive effects that can be used, e.g., in spintronic logic cir-
cuits.
However, experimental characterization of scaled devices is

hindered by the generation of small charge quantities, necessitat-
ing either the processing of large-scale multi-device arrays or the
integrationwith transistors or CMOS-based sense amplifiers. Ad-
dressing these challenges through the practical implementation
and the experimental study of the simulated optimized structures
will constitute a crucial step toward developing spintronic circuits
that offer competitive throughput and area efficiency while oper-
ating at significantly reduced power levels.

5. Experimental Section
Preparation of Ferroelectric PVDF-TrFE: Ferroelectric 𝛽-phase PVDF-

TrFE films were fabricated through a four-step process: solution prepa-
ration, spin coating, thermal annealing, and electric poling. A solution of
a PVDF-TrFE power (30% TrFE, Piezotech FC30) in methyl ethyl ketone
(MEK) was prepared at a concentration of 55 mg mL−1. Spin coating at
4000 rpm for 30 seconds yielded a 550 nm thick polymer layer on the
desired substrate (Si or Ni foil). It was noted that thinner PVDF-TrFE in-
creased the risk pinhole formation and excessive leakage currents, espe-
cially on the rough Ni foil. Conversely, much thicker films would have ne-
cessitated higher poling voltages outside the capabilities of the setup. Sub-
sequent thermal annealing under vacuum at 70 °C for 4.5 h, followed by
curing in a nitrogen environment at 140 °C for 1 h, enhanced the film qual-
ity. The thickness of PVDF-TrFE films was calibrated on Si substrates using
spectroscopic ellipsometry (J.A. Woolam RC2) and verified using a Bruker
Dektak XT profilometer. Finally, electric poling with 80 V peak-to-peak tri-

angular waveforms at 50 Hz for 200 pulses induced the phase transition
from the non-polar 𝛼- to the ferroelectric 𝛽-phase.[45]

Sample Characterization: Optical microscopy of the fabricated de-
vices was performed using a Nikon Eclipse L200 microscope. The sur-
face morphology of the PVDF-TrFE layer was characterized by atomic force
microscopy (AFM) using a Bruker Dimension Edge instrument. Ferro-
magnetic properties of the Ni foils were investigated by magnetization–
magnetic field (M–H) hysteresis loop measurements employing a Mi-
croSense EV11 vibrating sample magnetometer (VSM). In-plane and out-
of-plane magnetic fields were applied within ranges of ±0.2 T and ±1.2
T, respectively. Ferroelectric properties of the PVDF-TrFE films were as-
sessed using a Keithley 4200A-SCS parameter analyzer for polarization-
voltage (P–V) hysteresis loop measurements and electric field poling. Di-
electric properties were characterized by capacitance-voltage (C–V) mea-
surements conducted with an E4980A precision LCR meter at a frequency
of 10 kHz and an AC voltage of 100 mV (RMS), applying a DC bias sweep
between ±35 V.

Magnetoelectric CouplingMeasurements: To characterize themagneto-
electric coupling, out-of-planemagnetic field sweeps between−1.0 and 1.0
T were applied to the PVDF-TrFE/Ni composite. The generated charge due
to the magnetoelectric effect was simultaneously measured using a Keith-
ley 6517B Electrometer. While this instrument exhibits an exceptionally low
input bias current, long-term integration resulted in a measurable charge
drift.[70] This systematic error was corrected by subtracting a linear charge
drift, attributed to the input bias current, from the raw measurement data.

Finite Element Modeling: COMSOL Multiphysics was employed to
simulate strain, charge, and voltage generation within PVDF-TrFE/Ni foil
composites as well as in scaled Terfenol-D/ScAlN devices due to the mag-
netoelectric effect. Themodel adopted a simplified approach, representing
magnetostriction as a surface force acting on the magnetic surface. This
surface magnetoelastic force was calculated using the formula:

fmec = −n
⎛
⎜
⎜
⎝

b1m
2
x b2mxmy b2mxmz

b2mxmy b1m
2
y b2mymz

b2mxmz b2mymz b1m
2
z

⎞
⎟
⎟
⎠

(7)

where n = {nx,ny,nz} is the unit vector normal to the boundary, b1 and
b2 are magnetostriction materials constants, andm = {mx,my,mz} is the
normalized magnetization direction vector.[71,72] The simulations assume
a uniformmagnetization distribution within the magnetic film and neglect
transient effects, i.e., ∂m/∂t = 0. Additionally, the piezoelectric behavior
of the PVDF-TrFE layer wasmodeled under the assumption of linear piezo-
electricity.

Material parameters for Au employed in the simulations were ob-
tained from the COMSOL Multiphysics Material Library. Mechanical and
piezoelectric properties of PVDF-TrFE and ScAlN, and all the material
parameters for Ni and Terfenol-D were sourced from previous literature
reports.[47,55–61] Lastly, dielectric parameters for PVDF-TrFE and ScAlN
were experimentally determined. A comprehensive list of material prop-
erties is provided in Table 1.
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