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Abstract

Magnetoelectrics have attracted much attention for their ability to control magnetic
behavior electrically and electrical behavior magnetically. This feature provides numerous
benefits to electronic systems and can potentially serve as the bridge needed to integrate
magnetic devices into mainstream electronics. Here, we pursue this natural next step and
produce thin-film integrated magnetoelectric devices for radio frequency electronics. These
devices provide electric field control of magnetic permeability in order to change the reso-
nance frequency of coplanar waveguides. Over the course of this study, the various thin-film
material phenomenon, trade-offs, and integration considerations for multi-phase magneto-
electrics are analyzed and discussed. The fabricated devices achieved reversible tunability
of the resonance frequency, characterized by a converse magnetoelectric coupling coefficient
of up to 24 mG-cm/V.

The ability to electrically control magnetic materials is highly sought after as applications for
magnetic devices in integrated electronics continue to increase. Voltage control of magnetism has
already proved advantageous for a variety of device industries, including sensors and actuators
[1,2]|, computational memory and logic systems [3-5|, and inductors and transformers [6,7]. In
each of these cases, an electric field applied to the device couples either directly or indirectly to
the magnetization and changes its state. This magnetoelectric coupling property can be found in
single-phase multiferroic materials (those exhibiting both ferroelectricity and ferromagnetism)
or multi-phase material systems (combining different types of ferroic materials into composites).
In this work, we develop a thin-film, two-phase magnetoelectric system and integrate it in the
form of a waveguide resonator in order to extend the reach of magnetoelectrics into yet another
field - that of tunable wireless communication.

To avoid congestion of wireless communication channels, wireless electronics must be able to
be tuned broadly across multiple channels, while also maintaining small form factors for porta-
bility. Various methods have been proposed for broadband tunability, mostly involving variable
capacitors or inductors in resonant circuits [6,9-12]. Resonators can also take other forms, such
as waveguides, which can be tuned by changing either their effective capacitance [13] or effective
inductance. Common drawbacks of many of these previous methods are their incompatibility
with semiconductor circuit integration, bulk size, or limited tunability range. In this work, we
explore the design and integration of thin-film magnetoelectrics for tunable coplanar waveguide
resonators. These devices aim to satisfy semiconductor integration requirements while simulta-
neously providing large tunability by means of electrical control of magnetization.

We designed the tunable resonator device shown in Fig. 1 as a radio frequency (RF) quarter-
wavelength resonator, whose resonance is based on the effective permeability and permittivity
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Figure 1: Models and cross-sectional views of the magnetoelectric resonant waveguides: a) simplified 3D model of
the magnetoelectric coplanar waveguide device indicating the axis of desired uniaxial tensile strain and the wave
propagation direction. In addition, a simplified cross-sectional illustration of the material stack for the device,
indicating the magnetization direction, polarization distribution, and electric field pattern. Layers are not to
scale. b) Focused ion beam cross-sectional image of the fabricated device.

of the material stack. For tunability of the resonance frequency, we utilize a two-phase magneto-
electric in which the magnetic permeability can be varied through electric field control of strain.
A coplanar waveguide on the surface of the structure carries the wave such that its propagation
is influenced by the underlying magnetoelectric stack. The magnetoelectric is composed of a
magnetostrictive ferromagnetic layer on top of a piezoelectric/electrodes combined layer, with
the silicon substrate on the bottom. Figure la illustrates the simplified integrated structure as
well as the magnetoelectric vectors of magnetization direction in the magnetic layer and po-
larization distribution in the piezoelectric layer. Figure 1b shows scanning electron microscope
images of the cross-section of the fabricated devices, produced by focused-ion beam. Details of
the fabrication process are presented in the Methods section.

While single-phase multiferroic materials offer the simplicity of a direct relationship between
electric field and magnetization, their magnetoelectric coupling is generally confined to low
temperatures [14-16] or epitaxial material systems [17-19]. Multi-phase magnetoelectrics, on
the other hand, have the advantage of offering sufficient flexibility in design such that many can
be produced to operate at room temperature [20] and a large number do not require epitaxial
growth, particularly if the magnetoelectric coupling is produced via strains in the films [1,
21]. However, for strain-mediated magnetoelectrics, difficulties in the thin-film piezoelectric
fabrication have limited work thus far to proof-of-concept demonstrations of magnetic films on
bulk piezoelectric substrates rather than compact integrated devices. Recently, deposition of
either sputtered AIN [2,22] or sol-gel PZT [23| thin-film piezoelectrics have enabled preliminary
progress into integrated films of magnetoelectric devices.

The previous demonstrations of thin-film piezoelectrics maximized strain and magnetoelec-
tric coupling by mechanically releasing the films from the substrate. This approach, however,
requires very large features to allow for backside release in select areas and reverts back to
the similar challenges of integrating MEMS structures with other semiconductor devices. In
addition, to simplify fabrication, often a parallel plate capacitor structure (vertically-stacked
electrodes of opposite polarity sandwiching the piezoelectric film) is used, but this limits the
actuator to biaxial strain related to the d3; piezoelectric coefficient, which is much smaller than
the preferred dss uniaxial piezoelectric coefficient. In contrast, in this work, we designed com-
pact, integrated thin-film magnetoelectrics that utilize interdigitated electrodes (IDE) [24] to
apply an in-plane electric field and take advantage of the larger dss strains, as shown in Fig. 1a.
In this way, we improve uniaxial control of the magnetic film properties without the need for
backside release from the substrate.
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Figure 2: Device results, including: a) Polarization hysteresis loops as a function of electric field, and b) quarter-
wavelength resonance frequency sweep results as a function of electric field, described both in terms of frequency
and relative permeability. Measurements are from separate devices.

We selected the ferromagnetic material CogsFes3B14 (At%) [25] for its high magnetostriction
value of Ay ~ 55 x 1075 and high ferromagnetic resonance frequency (~ 2 GHz for a square
film). In addition, the magnetic film was laminated (see Methods section) and patterned into
a narrow bar parallel to the wave propagation direction, such that the shape anisotropy con-
tributes to aligning the magnetization uniformly along the length direction, with permeability
measured along the orthogonal (width) direction. For the ferroelectric material, we selected sol-
gel Niobium-doped lead zirconate titanate (4/20/80 PNZT) for its higher piezoelectric linearity
compared to regular sol-gel PZT. The ferroelectric was poled in-plane using the IDE prior to
measurements of the resonance tunability such that the initial polarization was distributed as
shown in Fig. 1la.

Figure 2 presents measurement results from the magnetoelectric resonator device. Minor-
loop polarization measurements around the remanence point are shown in Fig. 2a, indicating
that the polarization and corresponding strain (not shown) is fairly linear and reversible, despite
a degree of hysteresis. The corresponding RF resonance shifts for the magnetoelectric device
after poling are given in Fig. 2b. The quarter wavelength resonance point of the waveguides
appears at a frequency corresponding to the following equation related to the magnetic material’s
permeability:

1
fa= :
1 4l\//%
The right axis of Fig. 2b marks the calculated permeability values based on the assumption
that the permeability of the magnetic material and permittivity (~ 3.2) of the surrounding
thick dielectric (SU-8) dictate the phase velocity of the wave. As an electric field is applied to
the piezoelectric, it transfers stress to the magnet, which decreases the effective anisotropy and
increases the magnetic permeability. This outcome corresponds to a decrease in the resonance
frequency of the waveguide. Both the polarization and resonance frequency results demonstrate
that as the electric field is swept out to a given maximum value and returned back to zero,
the polarization increases then decreases and the resonance frequency decreases then increases,
as expected. The hysteresis observed in each polarization sweep is reflected in the frequency
response as "hysteresis" in the resonance shift.

In order to verify whether the frequency shifts are truly due to magnetic anisotropy changes
in the magnetoelectric stack, we directly measured the shift in ferromagnetic resonance (FMR)
frequency with applied electric field during the poling process, as plotted in Fig. 3. The values
for Hy,,,, shown on the second axis, were calculated by fitting the FMR measurement results to
the Kittel equation [29] and extracting its shift with applied electric field (additional information
is provided in Supplementary Information). The graph confirms a decrease in the anisotropy
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Figure 3: Ferromagnetic resonance frequency and anisotropy shift: Fitted results to the FMR frequency measure-
ment as a function of applied electric field. The effective anisotropy field was extracted by fitting to the Kittel
equation using MATLAB. Error bars indicate the 68% confidence interval.

field by more than 20 Oe as the electric field is increased from zero to 7.5 V/um, indicating that
the magnetoelectric coupling in the device is quite strong. In addition, the results verify that
the FMR frequency is far beyond the quarter wavelength resonance frequency of the waveguide,
thereby providing sufficient separation between the permeability peak at the FMR frequency
and the tunable resonance frequency of the guide itself.

From the resonance measurements in Fig. 2b, we can evaluate the linear shift in Hy, 1
to be in the range of 10 Oe (5 Oe of which are reversible) for an applied field of 6.25 V/um.
Neglecting contributions due to stray fields or temperature effects, we can extract an effective
magnetoelectric coefficient for the composite device equal to approximately 24 mG-cm/V.

Not shown in Fig. 2b are the tunability results under negative applied electric fields, which
experimentally mirror the positive field behavior. Considering that the polarization in Fig. 2a
decreases for negative fields, the strain would be expected to contract and cause the resonance
frequency to increase instead of decreasing. The peculiarity of the experimental behavior can be
attributed to two possible reasons: the field-squared behavior of strain in non-switching domains
and the intense localization of the stresses and strains due to substrate clamping. In the first
case, since the applied field is not large enough to switch the remanent polarization, the low-field
strain behavior follows the square of the applied field, as in most piezoelectric butterfly loops.
In support of the latter case, the COMSOL Multiphysics simulations in Fig. 4 suggest that, as a
result of substrate clamping, the strains transferred to the magnetic layer are due to bending at
or near the interdigitated electrode with positive polarity. When a negative voltage is applied,
the stress appears to merely shift to the adjacent electrode, but the device maintains the same
net behavior of decreasing the resonance frequency. However, due to the very localized and
complicated stress arrangement near the electrodes, other than predicting general rotation of
the magnetization, the finer details of the magnetization response are non-trivial to predict.

In addition, both the magnetic and ferroelectric domain images in Fig. 5 imply complexity
of the thin film material responses to the non-uniform stress. While the ferromagnetic thin film
was found to be uniformly magnetized as a single domain, defects in the film result in non-ideal
magnetization behavior. Furthermore, the non-poled piezoresponse force microscope (PFM)
images in Fig. 5b illustrate the randomness of the initial, non-poled ferroelectric domains that
govern the underlying behavior of the thin-film ferroelectric. When a saturating electric field is
applied, the domains of the ferroelectric sporadically rotate to align with the field in a nonlinear
fashion, depending on each domain’s electrical coercivity [28]. Once fully poled, as in Fig. 5c,
the behavior becomes more linear and reversible, with the exception of small hysteretic behavior
in the ferroelectric at remanence (Fig. 2a). Nevertheless, a certain degree of randomness from
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Figure 4: COMSOL stress and strain simulation results: a) Model of the section of the simplified stack cross-
section used in the COMSOL simulations. Points used for evaluation of stress and strain are marked by dots in
the center of the magentic layer. b) Stress and c) strain as a function of position at each of the points marked in

a).
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Figure 5: Magnetic and piezoelectric domain images: a) Magneto-Optic Kerr Effect microscopy images illustrating
the single-domain nature of the long magnetic bars, with the exception of defects. PFM images b) prior to
poling and c) of the poled device (including electrodes). From left to right, each set includes a topography
image, vertical-sensitivity PFM image, and lateral-sensitivity PFM image to illustrate the directionality of the
piezoelectric domains.

the small domains may influence the final device behavior.

The goal of this work was to explore new thin-film magnetoelectric capabilities in a realistic,
fully-integrated RF device. Here, we have demonstrated a thin-film, compact, integrated mag-
netoelectric resonator for tunable RF wireless communication. The design of the device takes
into account practical semiconductor integration considerations while simultaneously achieving
large tunability sufficient for hopping across communication channels that are typically 20 MHz
wide in frequency. With a reversible magnetoelectric coefficient of 24 mG-cm/V, these devices
represent promising and exciting steps toward magnetoelectric device integration for electrical
control of magnetization in future integrated systems. Future research endeavors may attempt
to achieve greater strains and magnetoelectric coupling through a number of methods: releasing
the structures from the substrate to eliminate clamping; utilizing thicker piezoelectric films to
allow the piezoelectric, rather than the stiffer magnetic film, to dominate the elastic behavior;
and, selecting a magnetic material with a lower Young’s modulus. Finally, to make these devices
more practical for portable electronic systems, lower voltages would be necessary. This can be
done with either reducing the magnetic anisotropy in order to increase its magnetomechanical
coupling [26] or by reducing the electrode spacing to maintain the strength of the electric field but



at lower operating voltages. With these optimizations, we have no doubt that future integrated
magnetoelectrics may have a significant role to play in tunable RF wireless electronics.

Methods

Device Fabrication

The first half of the magnetoelectric waveguide fabrication process (fabrication of the piezoelec-
tric and interdigitated electrode process) was completed at Radiant Technologies, Inc., while the
second half (fabrication of the magnet and waveguide) was completed at Stanford University.
First, thermal SiOg, ranging from 200 to 500 nm in thickness, was grown on a Si wafer (~ 500um
thick). Then, a thin layer of thermal TiO2 was deposited as a diffusion barrier between the bot-
tom electrodes and the underlying SiOs layer. The wafer was patterned with photoresist for
the inverse of the bottom electrode pattern and 150 nm of Pt was deposited by e-beam evap-
oration. The photoresist was immediately removed after the deposition, leaving behind the Pt
bottom electrode. (This is called a lift-off process.) Sol-gel PNZT (4/20/80) was spun onto the
wafer in multiple layers. Each layer was calcined at 450°C and the wafer was sintered at 650°C
after every third layer. This process was repeated until the desired 2 pm thickness of PNZT
was achieved. The 100 nm Pt top electrode was deposited and patterned just as the bottom
electrode, using a lift-off process. Another 0.7 um of PNZT was spun, calcined, and sintered
above the top electrode. The full PNZT was etched to pattern the film and open up vias to the
bottom and top electrodes. A 600 nm inert passivation layer of TiOs and SiOs was deposited
above the structures and etch to, once again, open the vias to the electrodes.

The magnetic film was deposited in the form of laminations, which are used to break up
eddy currents and help to reduce losses at high frequencies. The laminated CossFeq3B14 (At%)
magnetic film was deposited using RF sputtering and patterned using lift-off. The lamination
process alternated deposition between sputtering the CoFeB (66 nm) and SiO2 (6 nm) in the
same chamber. A total film thickness of 250 nm (4 layers) was used. To prevent the conductive
magnetic material from short-circuiting the coplanar waveguide, a 1 pm-thick insulating layer of
photosensitive SU-8 type 2002 was spun onto the wafer and patterned using photolithography.
The 500 nm thick Cu coplanar waveguide was deposited using e-beam evaporation and patterned
using a lift-off process. Finally, 50 nm of SiO2 were deposited over the entire wafer to prevent
oxidation and degradation of the device over time.

Samples were diced and bonded to chip carriers. Wirebonds were made between the metal-
lized bondpads for the IDE and the pads of the chip carrier. These connections were used to
apply voltage to the IDE during testing, while the waveguide was separately probed.

Resonance Frequency Evaluation

The quarter wavelength resonance point is characterized by a change in the input impedance of
the waveguide corresponding to:
2
Zin= gL at =] )
where Zj is the characteristic impedance of the line. For simplicity of analysis we fabricated
both short-circuit terminated (Z; = 0) and open-circuit terminated (Z; = oo) waveguides,
which at quarter-wavelength resonance appear as the opposite impedance from the input.

The waveguides were probed at the input using 200 pm-pitch ground-signal-ground (GSG)
probes, which connected to an Agilent 8753ES network analyzer. The change in the input
impedance was evaluated after extracting the real and imaginary parts of the S11 scattering
parameter. In the case of a single-port measurement, this S11 parameter can be approximated
as the reflection coefficient at the input of the device. While the magnitude of the reflection



coefficient, |I'|, is ideally equal to 1 for both short and open-circuited lines, the phase rotates
from 0° to 180° when the input impedance changes from open to short, respectively, and vice
versa. The magnitude and phase of the reflection coefficient are calculated using the following
equations:

IT| = /Re(T')2 + Im(T")2 (3)
_ Im(T)
~ Re(D) )

Results reported in this paper are all from open-circuited waveguides. Therefore, the quarter
wavelength resonance frequency was interpolated as the point at which the phase (ZI") was equal
to 180°.

FMR Measurement and Fitting

In order to extract the effective anisotropy field, Hy,,,, the ferromagnetic resonance was mea-
sured using a magnetic-field sweep method described in [30]. The FMR frequency as a function
of DC magnetic field was measured at each applied electric field. Then, the data for each FMR
sweep (at a single electric field value) was fitted in MATLAB to the following form of the Kittel
equation:

WEMR = ’y\/ (Hy,,, + Hpo + 4t N, M,)(Hy,,, + Hpo + 4w N, M) (5)

where N, is the demagnetization factor along the hard axis of the magnet (width direction
of the waveguide), NNV, is the demagnetization factor in the thickness direction, and Hp¢ is the
applied DC magnetic field. This equation assumes that the demagnetization factor along the
easy axis (8 mm length direction of the waveguide) is equivalent to zero.

Effective Electrode Area and Spacing Calculation

In order to evaluate the polarization, the electrode area needed to be known. Since the thickness
of the electrodes are much smaller than the width of the electrodes, we ignore the thickness
dimension in the area calculation and instead only sum the area on the top surface of the
bottom electrode, and both the bottom and top surfaces of the top electrode. This resulted in
a total electrode area of 0.093 cm? for the magnetoelectric composite device.

In order to calculate the applied electric field values from the known applied voltage, the
length of the field lines between electrodes was required (E ~ %) We approximate that the
field lines travel vertically halfway into the thickness of the piezoelectric, then across the spacing
between electrodes, and vertically back to the next electrode. This length is evaluated as the
electrode spacing (10 pm) plus half of the thickness of the piezoelectric sandwiched between the
electrodes (1 um) on both sides of the electrode gap, such that the total length of the field line is
12 pm. The electric fields calculated using this length were compared to those in the COMSOL
simulations and found to give a fairly good approximation of the actual electric field values.

Magnetoelectric Coefficient Calculation

The converse magnetoelectric effect (CME) describes the change in magnetization due to electric
field (as opposed to change in polarization due to magnetic field in the case of the regular
magnetoelectric effect). Since the effective anisotropy field relates to the magnetization through
the susceptibility M = xHy,,,, we evaluated the change in magnetization from the change in
effective anisotropy field using the following equation:



drdM  AmnxHy,,,
dE ~  dE

in cgs units (6)

QXCME =
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Supplementary Information

Analytical Basis

We designed the RF waveguide as a quarter-wavelength transformer, which resonates at a wave-
length corresponding to 4x the length of the guide. The wavelength of a signal is defined by its
frequency and the dielectric and magnetic properties of the medium through which it passes as
given by the relationship:

v
=2 7
i (7)
where v, is the phase velocity and is defined as
1

(8)

vp =
Ve

where p is the magnetic permeability and € is the dielectric permittivity of the medium. In free
space, the phase velocity equals the speed of light; in a medium the wave propagation slows
and the wavelength decreases. As a result of this change in the wavelength due to the material
properties, the resonance frequency changes. Therefore, direct control of the material properties,
specifically the permeability in the case of our work, allows for tuning of the resonant waveguide.
Here, we utilize a magnetoelectric to provide electric field control of the magnetic permeability
and tunability of the resonance frequency.

In our design, the coplanar waveguide sits on top of the magnetoelectric structure in order
to observe the change in its radio frequency material characteristics, which provide the wireless
tunable capabilities. As shown in the cross-section illustration in Fig. 6, the magnetic field
circulates around the signal line as the wave propagates down the guide. With the magnetization
oriented parallel to the length of the line, the magnetic field sees a hard-axis permeability along
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Figure 6: Cross-sectional diagram of the metal waveguide lines only, illustrating the electric and magnetic fields
as the wave propagates down the guide.

the width of the guide below the signal line. When an electric field is applied to the piezoelectric
and the magnet is stressed, the permeability will change and the change will be observable in
the RF measurement results.

Due to the combined effect of laminations and strong shape anisotropy, the magnetization of
the magnetic film is almost uniquely single domain, as shown in Fig. 5a of the main text, meaning
that the magnetization will generally behave uniformly as a single rotating macrospin, without
the presence of domain wall motion. (Furthermore, the macrospin assumption is particularly
applicable in these experiments since we do not completely switch the direction of the magne-
tization and the magnetic film remains single domain under all applied electric field values.)
Therefore, we assume macrospin analytical definitions to be valid for describing the magnetic
anisotropy energies involved and utilize them for analysis of the magnetoelectric system.

By considering the magnetic anisotropy energies involved in the system, we can derive an
expression for the stress required to completely rotate the magnetization by 90° [26,27| assuming
only induced anisotropy (during deposition), shape anisotropy, and magnetoelastic anisotropy:

b= HyMg+ M2(Ny — Nz)  Hy,,, M;
3Xs 3As

in cgs units (9)

where o is the stress, Hy and M are the induced anisotropy energy and saturation magnetization
in cgs units, respectively, and N, N, are the in-plane shape demagnetization factors (such that
x is the easy axis direction along the length of the waveguide).

We measured the saturation magnetization of the film to be approximately 4w Mg ~ 17.4
kG and the effective anisotropy field, folding into it the shape anisotropy, to be in the range
of 80-100 Oe depending on the sample. Using these values, we approximate that the stress
required to rotate the magnetization entirely is ~ 66.9 — 83.6 MPa. At a voltage of 150 V,
COMSOL simulations suggest that an average tensile stress of ~ 150 MPa can be achieved in
the film, implying that complete magnetization rotation may be possible. Moreover, while this
calculation gives a good first-order approximation and suggests that the stress will be mostly
tensile, the fabricated samples experience a more complicated stress arrangement, as discussed
in the main text, which makes the response of the magnet harder to predict. In addition to
the tensile stress, the film will experience compression in the two orthogonal directions. These
stresses will also work to rotate the magnetization. However, most of these stresses are very
localized near the electrodes (Fig. 4 of main text); the response of the magnetization to such
localized stress is non-trivial to predict.

The FMR frequency can be approximated from the effective anisotropy field using the Kittel

equation wgpgp ~ 'y\/erff (Hg,,, +4mMs), where 7 is the electron gyromagnetic ratio. For

these samples, we expect the FMR frequency to fall between 3.3-3.7 GHz initially. The calcu-
lated Hy,,, values from the FMR shift results correspond well with the previously determined
anisotropy values from the hysteresis loop measurement.

We fabricated the coplanar waveguides to be 8mm long, such that the lowest frequency
resonance would fall within the mobile frequency range between 1 - 3 GHz but below and
well separated from the ferromagnetic resonance (FMR) frequency of the magnetic material.
By operating below the FMR frequency, the magnetic permeability will still equal the film’s
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low frequency value and the FMR resonance peak will not interfere with identification of the
waveguide resonance frequency. The phase velocity of the propagating wave is calculated to be
approximately 4.2 —4.8 x 107 m/s, with quarter wavelength resonance frequency points between
1.3 - 1.5 GHz for the 8 mm-long waveguide. Despite the unique mechanical behavior of the
poled devices under negative electric fields, the RF results agree very well with the predicted
resonance frequency and permeability calculations.

Device Optimization

The ferroelectric structure at the bottom of the device was optimized using COMSOL Multi-
physics simulation prior to fabrication. Given the stiff mechanical constraint of the structure
due to substrate clamping, proper design of the electrodes was crucial in order to maximize the
lateral tensile strain transferred to the magnetic material. Although a single set of interdigitated
electrodes on either the top or bottom of the piezoelectric would offer more simplicity in fabri-
cation, using two sets of electrodes (one on top and one on bottom) provides the most uniform
lateral electric field distribution and therefore increases the corresponding horizontal strains by
almost 20%.

The minimum electrode width was defined as 10 um due to fabrication constraints, but the
pitch was optimized through simulation in order to balance the trade-offs involved: minimizing
the "dead" regions and maximizing the electric field. The ferroelectric regions above /below the
electrodes are considered "dead" regions since the electric field lines are not entirely horizontal
and strains are not purely lateral in those areas. Therefore, increasing the density of electrodes
also increases the density of dead regions and may not be desirable after a certain extent.
Increasing the spacing between electrodes, on the other hand, reduces the strength of the electric
field - defined as the voltage divided by the length of the field line - and reduces the strain,
as a result. Nevertheless, increased spacing also means that the electric field lines are more
horizontally oriented, making the strains more uniformly lateral. Given these tradeoffs, we
achieve the maximum strain in this clamped magnetoelectric structure by keeping a 1:1 ratio of
electrode width to electrode spacing.

Two generations of the magnetoelectric resonator devices were made. In the first, the top
IDE were fabricated on the top surface of the PNZT and separated from the magnetic layer
above by just a thin insulating oxide. This first generation device, however, suffered from di-
electric breakdown between the top IDE and the conducting magnetic layer. To avoid dielectric
breakdown at high fields, we designed a second generation device to include additional piezo-
electric material above the top IDEs. This additional PNZT on top results in a less uniform
electric field and strain distribution in that region, but resolves the breakdown issue. Fig. 5c
of the main text shows successful poling of adjacent, oppositely-oriented domains between IDEs
in the second generation device after application of a 1000 V pulse for a duration of 50 us.
The initially randomly oriented domains in the non-poled PNZT film become uniformly poled
in opposite directions depending on the corresponding electric field directions produced by the
electrodes.

Perhaps the most important question we sought to answer through simulation was whether
a thin, 2.7 um, PNZT film could produce sufficient stress in the magnetic layer to rotate the
magnetization and change the permeability. Given that the piezoelectric film develops a strain
under the applied electric field, the combined effect of the strain distribution across the layer,
substrate clamping, and the mismatch of the elastic Young’s modulus result in stresses to the
magnetic material above it. Since we chose the CoFeB material for its high positive magne-
tostriction, the structure was designed such that the magnetization is originally orthogonal to
the main strain axis and rotates towards it when a tensile (positive) stress is achieved. COMSOL
simulations suggest that the net tensile strain at 150 V should be above the calculated stress
level for magnetization rotation.
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Figure 7: Focused ion beam cross-sectional image of the fabricated first generation device.
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Figure 8: First generation device results: a) Polarization hysteresis loops as a function of electric field for the
first iteration device. b) Quarter-wavelength resonance frequency sweep results as a function of electric field,
described both in terms of frequency and permeability. ¢) Quarter-wavelength resonance frequency shift at
increasing electric field steps. Results are described both in terms of frequency and permeability.

Generation 1 Device

In the first iteration of the magnetoelectric resonators, top and bottom IDE’s sandwiched the
piezoelectric layer, leaving only a thin insulation later separating the top electrodes from the
conductive magnet (Fig. 7). Consequently, dielectric breakdown destroyed devices and limited
the range of voltages that could be applied. Poling of the piezoelectric using high voltage pulses
was not possible and all measurements were executed on the device beginning from its random,
net-zero polarization state, similar to the PFM image of the non-poled region in Fig. 5b of
the main text. When stepping voltage from the intial non-poled state, the resonance behavior
appeared nonlinear and non-reversible as demonstrated by both the polarization versus electric
field and resonance frequency versus electric field relationships in Fig. 8.

When an electric field is applied, the domains of the ferroelectric sporadically rotate to
align with the field in a nonlinear fashion, depending on each domain’s electrical coercivity [28].
Table 1 summarizes the strain and expected resonance behavior due to domain rotation for each
initial domain configuration. As indicated by the strong contrast in the lateral PFM image, the
majority of the ferroelectric domains are initially oriented in the plane. According to Table 1, this
suggests that the predominant behavior is a downward shift in resonance frequency regardless
of the initial domain orientation, which is seen from the RF measurement results of Fig. 8b.
Figure 8c plots the resonance frequencies for the maximum voltage applied during each sweep;
the decreasing trend confirms that the net behavior of the domains is lateral alignment and
tensile strain.

While the general trend follows the expected decrease in resonance frequency with increased
voltage, occasional temporary upward jumps in resonance frequency do occur. These, we expect,
are due to a one or two-step rotation process involving the domains in the regions above and
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Table 1: Summary of piezoelectric domain behavior and corresponding strains and resonance frequency shift
depending on the intial state of the domain. Axes are labeled in parentheses.

Initial Polarization Location Final Polarization | Resulting Strains | Effect on f A
above /below out-of-plane (z) ten51o¥1 (2); 1o offect
out-of-plane (z) electrodes compression (x,y)
horizontally in .
: tension (x);
between in-plane (x) ion (2) decrease
mpression (z
electrodes COMPLESSIO
, above /below out-of-plane (z) tensmn. (2); decrease
in-plane (y) electrodes compression (y)
horizontally in .
: tension (x);
between in-plane (x) ion (y) decrease
mpression
electrodes COMPrEssion 1y
_ above /below out-of-plane (z) tensmn' (2); increase
in-plane (x) electrodes compression (x)
horizontally in .
: tension (x);
between in-plane (x) compression (,2) decrease
electrodes p Yi

below the electrodes. These domains may either be originally oriented along the x-direction and
then rotate up/down to align with the out-of-plane component of the electric field in that region
(one-step process); or, they are initially oriented along the opposite in-plane direction and first
must rotate towards the x-direction, accompanied by a decrease in resonance frequency, then
rotate out-of-plane, accompanied by a final increase in resonance frequency (two-step process).
The slight contrast in the vertical PFM image above the electrodes indicates that the net po-
larization in those regions does indeed have a vertical component. This microscopic behavior
qualitatively explains the occasional minor jumps in f A Due to dielectric breakdown, this first

generation of devices were limited in applied field range and could not be fully poled. We ex-
pected that once poled, the device behavior would be more linear and reversible. This hypothesis
was verified with the second generation devices reported in the main text.
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