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Abstract

Sections

Theinternet of things (IoT) has revolutionized society by creating a
network of interconnected devices with sensors, processing ability

and software for data exchange. However, the expansion of loT places
undue strain on energy resources. Thus, the development of low-power
componentsis critical. Moreover, the demand for IoT has opened new
markets for wearable technologies, necessitating innovations towards
miniaturization. This rapid growth introduces further challengesin
communication and environmental adaptability. Magnetoelectric
(ME) microelectromechanical and nanoelectromechanical systems
(M/NEMS) introduce unparalleled properties to reshape the loT
landscape. ME M/NEMS enable a100,000x% reductionin wavelength,
resulting in reduced size and weight, and provide multifunctionality,
such as simultaneous sensing, data transmission and wireless power
transfer. With renewed interest in ME M/NEMS platforms, several
disruptive technologies have emerged ranging from ultra-compact
radiofrequency front-ends to quantum sensing, computing and
communication networks. This Review delves into ME materials, ME
composites and ME M/NEMS for loT functions, including logic memory;
magnetic sensing; wireless power transfer; ultra-compact antennas;
power, radiofrequency and microwave electronics; and communication
systems.
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Key points

e Magnetoelectric (ME) microelectromechanical and
nanoelectromechanical systems (M/NEMS) hold the promise to
revolutionize the internet of things by addressing critical challenges in
size, energy efficiency, communication and adaptability to challenging
environments.

o ME materials and composites enable the electrical control of
magnetism, leading to magnetoelectric, spin-orbit-coupled logic
devices and ME random access memories for attojoule-class
nonvolatile information storage and modern computing.

o ME M/NEMS enable ultra-compact antennas with improved
efficiency for simultaneous wireless information and power transfer
and smart sensor nodes with reduced cost, size, weight and power
compared with conventional electrical counterparts.

¢ \oltage-tunable ME inductors, circulators and phase shifters based
on electrical field tuning permeability, spin wave, Young’s modulus and
wideband magnetoacoustic devices with giant nonreciprocity provide
excellent opportunities for compact, lightweight and power-efficient
radiofrequency (RF), microwave and power electronics.

o ME M/NEMS show great potential for high-gain ME antennas and
ultra-sensitive ME sensors in a strong coupling region, effectively
controlling quantum defects and very-low-frequency (VLF) mobile
bi-directional underground and underwater communication.

e Challenges exist in the CMOS-compatible integration of ME materials
and far-field VLF communication with ME antennas despite superior
energy efficiency, low power loss, ultra-compact size and outstanding
multifunctionality and versatility.

Introduction

Theinternetof things (IoT) isanetwork of interconnected devices and
objects that collect, communicate and exchange information autono-
mously. It has permeated numerous sectors of modern life, from smart
homes and wearable gadgets to industrial automation and health-care
monitoring. The proliferation of [oT devices necessitates solutions
that address key challenges, including compact form factors, energy
efficiency, seamless communication and adaptability to diverse envi-
ronments'. Magnetoelectric (ME) materials, composites and devices
offer unique functionalities and capabilities that can revolutionize the
landscape of IoT technologies.

ME systems are composed of engineered materials and compos-
ites with strong direct magnetoelectric coupling and converse mag-
netoelectric coupling. The origin of ME materials traces back to the
discovery and exploration of single-phase ME materials from the late
nineteenth century through the mid-twentieth century. In the 1970s,
scientists at the Philips Research Laboratories studied ME composites
based oninsitu grown eutectic piezoelectric and ferrite materials, set-
ting the groundwork for subsequent developmentsin ME composites
and devices*’. In 2001, the demonstration of the strong ME coupling
of piezoelectric-magnetostrictive laminate composites ignited an
exponential growth of research and development on ME materials and
devices*’, encompassing applications such as ME-based magnetic field

sensors, memory and logic components, and power, radiofrequency
(RF) and microwave applications, antennas and filters®>? (Fig. 1).

ME sensors can detect magnetic fields on the order of fT at room
temperature” and enable ultra-compact ME mechanical antennas for
mobile bi-directional very-low-frequency (VLF) communications*~.
Furthermore, ME devices show enhanced efficiency for wireless power
transfer (WPT) over state-of-the-art resonant coils and have the poten-
tial to facilitate simultaneous wireless information and power trans-
fer’, Leveraging distinct acoustic resonance modes, simultaneous
magnetic field sensing, VLF, RF and microwave communications, and
WPT have been experimentally demonstrated®.

One of the prominent advantages of ME devices, especially
for mechanical antennas, is their ultra-compact size. Because ME
antennas operate at their electromechanical resonance, their size is
comparable to the mechanical wavelength rather than the electro-
magnetic wavelength. Being that the mechanical wavelength is 107
the magnitude of the electromagnetic wavelength, ultra-miniaturized
RF components are permitted®. This reduction in size is beneficial
for loT systems wherein space constraints dictate device designs.
Together with ME WPT, ME energy harvesters can power loT nodes
using ambient mechanical vibrations, and magnetic and electric
fields, reducing dependence on traditional power sources and pro-
longing the operational lifespan of battery-powered devices. From
improved efficiency and compact sizes to magnetic field sensing and
data processing, ME technologies can reshape the [oT landscape,
propellingits evolution towards a streamlined, interconnected, and
intelligent ecosystem.

In this Review, we provide a foundational understanding of the
cutting-edge progress in piezoelectric and magnetic materials for
ME composites and discuss their application in memory and logic
devices®, such as magnetoelectric spin-orbit (MESO)-coupled logic
devices®*. Then we present a range of ME microelectromechanical
and nanoelectromechanical systems (M/NEMS) relevant to loT appli-
cations*?**"*2 such as magnetic field sensing for wearable medical
devices?, antennas designed for both ultra-high-frequency (UHF,
0.3-3 GHz)***'and very-low-frequency (VLF,3-30 kHz) bands***°, and
wireless power transfer. Furthermore, we highlight ME-tunable RF
components®?® and introduce pioneering devices such as acoustic-
driven ferromagnetic magnetic resonance (ADFMR)* for nonreciprocal
RF devices*?, quantum transductionand control’®*°, and VLF antenna
arrays®** for underground and underwater communications. Finally,
we present a prospective analysis of the highlights and challenges of
the use of ME M/NEMS systemsin loT.

ME materials and composites
Strain-mediated ME coupling is a dominant mechanism to describe
ME coupling®. Strain-mediated ME laminates composed of piezoelec-
tric and magnetostrictive materials demonstrate much higher ME
coupling strength (ME coupling on the order of hundreds of
mV cm™ Oe™) than single-phase multiferroic materials (two or more
ferroic properties, such as ferromagnetism, antiferromagnetism,
ferrimagnetism, ferroelectricity, antiferroelectricity, ferroelasticity
and ferrotoroidicity), such as bismuth ferrite (BiFeO,, BFO has an ME
coupling of-0.064 mV cm™ Oe™)*>** For bulk laminate composites, the
theoretical ME voltage coefficient ayz - for the longitudinal-longitudinal
(L-L) mode is given by equation (1):
-1 nd33,m g33,p
OME = 2 m ()
ns33(1-ky3") + (1-n)ss3
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where s£ and s# are the elastic compliances of the piezoelectric and
magnetostrictive layers, respectively; k; is the electromechanical
coupling coefficient of the piezoelectriclayer; nis the ratio of magnetic
layer thickness to the total thickness of the ME laminate; ds; ,,and &3,
are the longitudinal piezomagnetic and piezoelectric coefficients,
respectively®.

The assumption here s that the interfacial coupling coefficientis
equaltol.Theinterface between the magnetic and piezoelectric phases
is perfectly bonded and enables strain transfer without appreciable
loss. Additionally, it is assumed that there is no dielectric, piezoelec-
tric,and mechanical lossin the composite. The ME voltage coefficient
depends onthe electromechanical and magnetomechanical properties
of the piezoelectric and ferromagnetic layers.

The magnetic material in the ME composites should have
high magnetostriction (>70 ppm), high piezomagnetic coefficient
(>10 ppm Oe™), near unity magnetomechanical coupling factor, and
low loss (ferromagnetic resonance linewidth <20 Oe in X-band)™.
High ME coupling has been achieved in magnetic alloys, such as
(FegoGayg)ssBy, (ref. 14), or ferrite films' grown on single crystal fer-
roelectric substrates, namely Pb(Zn,;;Nb,,;)O,-PbTiO; (PZN-PT)
or Pb(Mg,sNb,,3)0;-PbTiO; (PMN-PT), enabling high mechanical
resonance quality factor (Qugr), low-frequency devices***". However,
thelarge electric fields (8 kV cm™ translating to 400 V for 0.5-mm-thick
ferroelectricslab) required to tune the magnetization are not feasible
for most working devices**. Additionally, the single-crystal ferroelec-
trics are not easily integrated onto Si substrates owing to back-end-of-
line complementary metal-oxide-semiconductor (CMOS) processing
incompatibility (thatis crystallization temperature higher than 450 °C),
and the requirement of lattice matching for epitaxy. Thin film ME
heterostructures have been integrated with CMOS-compatible pro-
cesses on Si using piezoelectric films, such as AIN, ZnO, Al ;;S¢, »,N,
coupled to magnetostrictive alloy films, such as (Feg,Ga,g)gsB,, Or
(FeyC0,0),5Si1,B40, to fabricate ME devices for both communication
and sensing applications®*5%,

For strain-mediated ME composites, it is critical to select piezo-
electric materials with a high piezoelectric coefficient. Although per-
ovskite ferroelectrics can exhibit high piezoelectric coefficients®, they
are not compatible with CMOS technology owing to the requirement of
epitaxial growth. Therefore, AIN and Sc-doped AIN are considered the
premier candidates for usein ME composites’** Fabrication methods
have also been developed to integrate ferroelectric lithium niobate,
LiNbO,, on Siwafersviaionslicing and film transfer approach®***, thus
enabling LiNbO, deploymentin future ME-based loT devices.

Doping galfenol (Feg,Ga,,) films with boron or carbon causes a
crystallographic phase transition from the body-centred cubic phase
toanamorphousstructure, leading to excellent soft magnetic proper-
ties (<2 Oecoercive field), high magnetostriction (78 ppm), near unity
magnetomechanical coupling factor (0.84), and low ferromagnetic
resonance linewidthin X-band (<20 Oe linewidth) in the body-centred
cubic-amorphous phase boundary region'****>*°, making Fe,_,Ga,
alloys the most promising magnetic materials for ME devices™*>".
Novel growth approaches utilizing molecular beam epitaxial growth
of Fe,_.Ga,films on PMN-PT have expanded the possible composition
range for the disordered body-centred cubic (A,) phase space, achiev-
inganultra-high magnetostriction ata Ga concentration ofx =30% with
adiminishing stiffness, thus limiting their applications®. Underlayers
such as NiFe, Cu, Cr, or Ti seed layer (<5 nm) before magnetic film
deposition were demonstrated to promote soft magnetic properties
in Fe-Ga alloys™.

Aside from the magnetomechanical properties and static mag-
netic behaviour, magnetic loss is a key property, particularly for RF
ME NEMS. Magnetic loss can be understood by characterizing the
ferromagnetic resonance linewidth and/or the Gilbert damping param-
eter®®. Yttrium iron garnet (Y;Fe;O,,, YIG) films are the pinnacle for
low magnetic losses with an intrinsic magnetic damping parameter
as low as approximately 3 x 107, with the lowest reported magnetic
damping parameter for the thin film regime atapproximately 5.2 x 103
(refs. 61,62). This low magnetic damping enables long spin wave decay
lengths of more than 100 pm (refs. 63,64). However, a key challenge
for YIG integration is the lattice-matching requirement for epitaxy,
specifically requiring growth on a Gd,Ga;0,, (GGG) substrate, which
is not back-end-of-line CMOS compatible®>*, Although the GGG sub-
strate allows for heteroepitaxial growth of YIG films, the GGG substrate
can serve as a source of contamination in sputtered YIG films®"®,
Although liquid-phase epitaxy grown YIG films have shown minimal
to no contamination from the GGG substrate, liquid-phase epitaxy is
notasbackend of line compatible as sputtering®’.In 2022, abuffer layer
of diamagnetic Y;Sc, sAl, ;O;, thin film on GGG enabled the growth of
YIG films with off-axis sputtering with suppressed Gd-contamination
to enable decent Gilbert damping at few-kelvin (K) temperatures’.
Despite recent work suppressing Gd-contamination from the GGG
substrate, there is a need for more investigation into the integration
of YIG with CMOS-compatible substrates such as silicon. lon-slicing
has been successfully executed on YIG and other oxide films such as
ferroelectric perovskites over the past 20 years (refs. 53,54,71,72).
However, the integration of YIG film on a piezoelectric layer has not
been demonstrated and this is probably a viable path forward for
efficient ME-based loT devices with high magnetoelectric coupling
quality factor (Qug).

ME-based memory and logic

Many pathways are being explored to create low-power non-volatile
memories within the context of next-generation computing. The push
for ultra-low-power logic-in-memory devices builds from the ability of
multiferroics to control magnetismwith an electric field at room tem-
perature (magnetoelectric control)*. The magnetoelectric switching
of amagnetoresistive element can operate at or below 200 mV, with
a pathway to get down to 100 mV (ref. 73). A combination of struc-
tural manipulation via lanthanum substitution and thickness scal-
ing in multiferroic BFO helped to scale the switching energy density
down to -10 pJ cm™ and provides a pathway to get to attojoule-class
nonvolatile memories (1aJ per memory bit or logic element), aleap in
energy efficiency compared with the p) per bit requirement for dynamic
random-access memory-based technology”. However, the presence of
polarization fatigue caused by the degradation of theinterface between
the CoFe ferromagnetic metal and the oxide BFO harkens back to work
onferroelectric memories, which also suffer from fatigue. To address
these degradation issues, it is possible to replace the ferromagnetic
CoFe with Sr,(Cr,Re)Oq, a double perovskite ferrimagnet, which has
proven to be successful if coupled to the BFO layer*. An alternative
pathway is to eliminate the ferromagnetic layer and read out the mag-
non transport in the BFO (and its manipulation with an electric field)
using the inverse spin Hall effect (statement based on study currently
under review)”.

Logic-memory architectures®bring together the inverse Rashba-
Edelstein effect (IREE)>”® and electric-field control of magnetism using
multiferroic materials. The resulting magnetoelectric spin-orbit-
coupled logic device (MESO)** uses the IREE effect to convert spin
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@ —— © 1972: Theory of product properties in ME composites (ref. 2)
1974: ME composites at Philips Laboratory (ref. %) @ ——@
2001: Magnetoelectric laminate with giant coupling (ref. *) ® —@
2001: Magnetoelectric bilayer and multilayer laminates (ref. %) @ —@
2003: Electromechanical resonance predicted and observed (ref. 8) @ —@
2003: Demonstration of AC magnetic field sensitivity inan ® ——@
ME laminate (ref. 67) I
@ 2003: Heteroepitaxial growth of multiferroic BiFeQ, thin films (ref. ©)
2004: Thin-film ME composite showing ME coupling (ref. °) ® —@
2006: Multiferroics-based microwave signal processing devices (ref. ") ® —@
2006: PicoTesla sensors based on multiferroics (ref. 2) ® —@
2006: High ME coupling in magnetostrictive-piezofiber laminates (ref. ?) ® —@
@ © 2007: FeGaB films with a high magnetostriction and low-loss tangent (ref. ™4)

2009: Voltage control of magnetic anisotropy for spintronics (ref. ) ® —@

20009: Ferrite-ferroelectric heterostructure with giant voltage-induced ® —@
magnetic field (ref. ¢) I

2009: Giant converse ME coupling coefficient >100 Oe cm V-'in ® —@
multiferroic FeGaB/PZN-PT heterostructure (ref. 7) I

2012: MEMS ME sensors with AIN/AFM-coupled magnetic ® —@
film heterostructure (ref. '8)

2013: Radiofrequency NEMS ME sensors (ref. ®) ® —@

2014: Demonstration of voltage-controlled spin-valve at room ® —@
temperature (ref. 2°) I
@ 2016: VLF ME antennas and communication systems (ref. 2')
@®— 2017 Radiofrequency NEMS thin-film bulk acoustic resonator (FBAR)

ME antenna (ref. 22)
2018: Wideband low-noise Love wave SAW ME sensor (ref. 23) ® —@

2019: Proposed MESO logic device based on Rashba-Edelstein and ® ——@
ME effects (ref. 24)

@—— © 2020: Demonstration of VLF ME antennas and communication
systems (ref. 3°)

@—— ©2020: Giant nonreciprocity in a ME heterostructure-based SAW device (ref. %)

@ ©2021: Smart ME antennas for picoTesla magnetic field sensing and
WPT (ref. 26)

@—— © 2022: Demonstration of ground plane immunity in ME antennas (ref. /)
@ Direct ME coupling o—o gg@z;ga?gzitfragtﬁi;m of phase accumulation in ME heterostructure-based
® Converse ME couplin i
ping @—— ©2022: VLF ME antenna array for underwater communications (ref. 2°)

® Direct and converse ME coupling
Material advancements

@ —— © 2023: Radiofrequency NEMS solidly mounted resonator SMR
ME antenna (ref. ®")

Applications of magnetoelectrics

Direct ME coupling Converse ME coupling

Magnetic sensors ME random access memory (MERAM)
Current sensors ME antennas ME Logic

Wireless power transfer ME communications Voltage-tunable inductors, filters, phase
Gyrators systems shifters and resonators

Transformers

Nature Reviews Electrical Engineering | Volume 1| May 2024 | 317-334 320


http://www.nature.com/natrevelectreng

Review article

Fig.1| Timeline of key contributions to ME materials and devices. On the
timeline, the seminal works are colour coded to exemplify whether they are material
advancements (yellow), direct magnetoelectric (ME) coupling (blue), converse ME

coupling (red) or both direct and converse ME coupling (purple)*>'. Applications of
direct and converse ME coupling mechanisms are summarized in the Venn diagram.
VLF, very low frequency. WPT, wireless power transfer.

to charge (or voltage) and the multiferroic component to perform
the opposite conversion of charge to spin*. These devices would be
successful if anincrease in the IREE voltage output from hundreds of
microvoltages (V) to hundreds of millivoltages (mV) and areduction
in voltage requirement for the magnetoelectric component down to
~100 mV (whichis critical for obtaining an aJ per memory bit or logic ele-
ment) are demonstrated®*. Going to switching voltages below100 mV
inferroelectricand multiferroic statesis a challenging research oppor-
tunity, whichrequires thereduction of the coercive field either through
pushing the BFO layer to a phase boundary or selecting another multi-
ferroic material. Scaling down to 100 mV also necessitates low switch-
ing fields (for example, through careful tuning of the Landau double
well barrier height) or that the switching behaviour scales well with
reduced thickness. The ultrathin limits (<20 nm) are crucial and require
further theoretical and/or experimental exploration.

The speed limit of the switching between ferroelectric and mul-
tiferroic seems to be linked to the acoustic phonon mode (that is the
velocity of sound in the material, around 3,000 ms™) tied to lattice
deformation during polar state switching, indicating switching times
on the order of tens of picoseconds. However, accessing such time-
scales mandates rapid electronics (for example, sub-ten picosecond
pulse generators, high-speed oscilloscopes), explaining limited meas-
urementsin this domain”. Lattice dynamics during dipolar switching
requires extensive study. Such studies are needed to understand the
switching dynamics of both multiferroics and ferroelectrics’®.

Another aspect of importance in the ultrathin limit is the stabil-
ity of the polar state. Such size effects have been extensively studied
in classical ferroelectrics’ that are characterized by a suppression of
the order parameter as the thickness is scaled down. In BFO, the polar
order parameter is suppressed below 4 nm (ref. 78). However, the
stability of the individual order parameters, the coupling between
themand electric field manipulation of this coupling below 10 nmare
still to be studied.

Magnetoelectrics have also been proposed for ME random access
memories: ultrathin ferroelectric or multiferroiclayers can be used as
the tunnel barrier of amagnetic tunnel junction to modify the magne-
toresistance of the junction via interfacial spin polarization®** This
approach s limited by the ferroelectric thickness because of the film
polarization stability in the ultrathin limit. Alternatively, the magnetic
tunnel junction can be directly grown on a bulk ferroelectric sub-
strate®*, Although the magnetoresistance can be tuned via rotating
the free ferromagnetic layer, thisapproachis commercially nonviable
owingto the use of bulk ferroelectric substrates.

ME-based magnetometers

Magnetometers are widely used in biomagnetic sensing, navigation,
magnetic anomaly detection, communications and so on*. Biomedi-
cal magnetometry is an application space that requires the detec-
tion of magnetic field signals in frequency ranges of 1-1,000 Hz and
amplitudes of ~20 fT to tens of pT to monitor brain, nerve, skeletal
muscle, and heart functions®°°. As of the beginning of 2024, super-
conducting quantum interference device magnetometers are state-
of-the-art in terms of high-sensitivity biomedical magnetometry.

Asuperconducting quantuminterference device can detect magnetic
signals in the single-digit fT range; however, the cryogenic cooling
requirement drastically limits the overall form factor, power efficiency
and applications”. Magnetoelectric magnetometers can operate at
room temperatures with demonstrated detection of single-digit fT
magnetic fields at kHz (C.D. et al., manuscriptin preparation) and are,
therefore, well suited to lower the cost, power consumption and form
factor for biomedical magnetometry systems®®. Although ME mag-
netometers are best-in-class for low-frequency magnetic field sens-
ing, biocompatibleimplantable devices have yet to be demonstrated;
polymer encapsulation may be a path towardsin vivo demonstration.

There are three main schemes of magnetoelectric magnetometry:
direct detection, frequency modulationand AE effect (magnetic field-
induced change in Young’s modulus). The corresponding operating
principle and noise spectral density (or magnetic noise, in units T Hz *%)
foreachschemearereportedin Table1(refs.18,23,92-95). Direct detec-
tionrelies on detecting alternating current (AC) magnetic fields viathe
direct ME effect — an AC magnetic field-induced alternating magneto-
strictive strain translates to astress variationin the piezoelectric layer.
Therelative change in electrical polarization can be monitored viaan
electrical voltage readout. The primary metric thatindicates the prom-
ise of a direct detection ME magnetometer is the dependence of the
ME voltage coefficient on the applied magnetic field. Typically, these ME
magnetometers require a direct current (DC) magnetic bias field to
push the sensor operation to the peak operating regime of the ME
voltage coefficientinresponse to the applied magnetic field (Table 1).
Reduced magnetic noise can be achieved through direct detection on
the electromechanical resonance because the ME sensor output volt-
ageisimproved for magnetic signals that coincide with the mechanical
resonance frequency (with demonstration of magnetic noise down to
400 fT Hz ** (ref. 93) for MEMS ME sensors, and 3 fT Hz %> for bulk ME
sensors (C.D. etal., manuscriptin preparation)). Additionally, operat-
ing the ME sensor in vacuum (for example, keeping the environment
pressure below 10™° mbar) can lead to a further reduction of the noise
(owingtoless airdamping) and, therefore, toanincrease in Qyy (ref. 96).
Using these direct detection methods, on-resonant ME sensors have
a limit of detection in the single-digit fT - pT regime. The resonance
enhancement, however, comes at the cost of reduced bandwidth.
Detecting low-frequency magnetic fields can be challenging because,
below resonance and in the low frequency regime, the sensors suffer
from 1/fnoise””. To circumvent operation at mechanical resonance
while still maintaining the necessary sensitivity at lower frequencies,
active frequency modulation, either magnetic or electrical®®, as well
as the AE effect can be used (Table1).

The frequency modulation approach presents two operation
schemes: the magnetic and the electric frequency conversion. Mag-
netic frequency conversion exploits the nonlinearity of magnetostric-
tion versus magnetic field. An advantage of magnetic modulation
frequency conversion is that the sum of the modulation and signal
frequencies canbe selected to be equal to the mechanical resonance of
the sensor; thus, resonant operation can be exploited for any arbitrary
signal frequency”. The magnetic noise is, therefore, reduced because
the resonance enhancement can be exploited”. For example, an ME

Nature Reviews Electrical Engineering | Volume 1| May 2024 | 317-334

321


http://www.nature.com/natrevelectreng

Review article

Table 1| ME magnetometer noise performance and operating schemes

Sensing Direct detection

Frequency modulation AE effect

Sub-approach Bulk ME sensors Thin-film ME sensors

Magnetic-driven Electric-driven Love wave acoustic ~ Bulk wave

frequency frequency mode acoustic mode
conversion conversion
Best-in-class reported noise 5pTHz** @ f=1Hz 10nTHZz*®* @ f<100Hz 60pTHZ** @ 10nTHZ** @ 250pTHZ** @ 300pT @
spectral density (ref. 92) 400fTHZ®® @ f=1kHz f=10Hz (ref. 95) f=10Hz (ref. 94) f=10Hz (ref. 23) quasi-DC
3fT/Hz%° @ f=24kHz  (ref. 93) (ref. 19)

(C.D. et al., manuscript
in preparation)

Sensing mechanism

¢ N\

5 j; \
/" \‘
DC magnetic field

For direct detection scheme, the performance is tied to the ME voltage coefficient (ay) as illustrated. The sensitivity of the magnetometer is optimized when the ME voltage is maximized;
this can be accomplished by biasing the magnetometer with an external direct current (DC) magnetic field. With respect to the frequency modulation scheme, the sensitivity is enhanced
through resonant operation at side bands. The example curve shows the upconversion of low-frequency magnetic signals to higher frequencies by frequency modulation for detection. The
magnetometer can be operated at a sideband wherein there is a local maximum in the output voltage (V) versus frequency (f). The sensor will, thus, benefit from resonant enhancement. For
the AE effect sensors based on resonator nano-electromechanical systems, the device resonance frequency (f,) varies with changes in the elastic modulus of the magnetic material under an
applied DC magnetic field. The resonance frequency can be monitored as shown in the illustration.

sensor based on FeCoSiB/AIN heterostructures showed a magnetic
noise down to 60 pT Hz **at10 Hz (ref. 95). Electric frequency conver-
sion relies on a piezoelectrically induced AC actuation of the sensor,
which through the strain-mediated interface, resultsin anadditional
magnetic oscillation in the magnetostrictive component with side
band generation””. An ME sensor based on an exchange-biased FeCoSiB
stack showed a magnetic noise in the low nT Hz **range’*. The electric
frequency conversion approach has a smaller form factor and lower
power consumption than the magnetic modulation one because it
does not require an external driving coil. For both approaches, ME
sensors based on frequency modulation are less susceptible to the
1/fnoise — which dominates at lower frequencies — and, thus, have
improved magnetic noise compared with the passive operation of
the sensors'”.

The AE effectis the changeinthe Young’s modulus, £, of amagnetic
material, when amagneticfield is applied. This change provides addi-
tional magnetic field-induced magnetostrictive strain to the elastic
Hookeanstrain'". Upon the application of an external magnetic field,
the Young’s modulus of an ME resonator changes because of the AE
effect and, therefore, a variation in the electromechanical resonance
frequency and impedance is observed (Table 1). Self-biased NEMS
magnetoelectric sensors based on the AF effect have been demon-
strated in a FeGaB/AIN nano-plate resonator with a DC magnetic field
detectionlimitdownto 300 pT (ref.19). Additionally, Love wave sensors
based onthe AE effect have a magnetic field dependent phase change
caused by the variationsin the elastic properties of the magnetic film
and, therefore, the wave speed”. Love wave sensors based on FeCoSiB
demonstrated amagnetic noise of approximately 100 pT Hz **overa
50-kHzbandwidth and adynamic range of 120 dB (ref. 23). A magnetic
noise of 28 pT Hz *Sat10 Hzwas demonstrated for a AE effect Love wave
surface acoustic wave sensor based on an exchange-biased stack of
FeCoSiB and Nig,Fe;, coupled to an antiferromagnetic Mnglr,, layer'®.
The exchange-biased stack with FeCoSiB coupled to an AFM layer was
designed to eliminate domain walls and, therefore, the magnetic 1/f

noise was reduced by 8 dB compared with acomparable control device
without an exchange bias material stack'®’. Existing devices enable
the detection of magnetic fields at levels of approximately fT Hz °* at
24 kHz (C.D.etal., manuscriptin preparation), showing great potential
for sensing extremely weak magnetic signals.

ME antennas

Being one of the largest components in electronic systems, antennas
have so far been resistant to size miniaturization, leading to electron-
ics with large size, weight, power and cost (SWaP-C). Conventional
compactantennas operate at their electromagnetic resonance, leading
to antenna sizes comparable to their electromagnetic wavelengths,
in the order of centimetres at GHz frequencies. In addition, conven-
tional antennas are based on electric currents that suffer from platform
effects, leading to a high profile.

ME antennas are mechanical antennas based on layered ME piezo-
electric-magnetostrictive heterostructures (Fig. 2). By applying an
AC voltage on the piezoelectric layer, oscillating mechanical strain is
induced and transferred to the magnetostrictive film. This electric-
mechanical-magnetic energy transduction at the electromechanical
resonance triggers AC magnetization oscillationin the magneticlayer,
leading to magnetic dipoleinduced electromagnetic radiation (Fig.2a).
TheMEantennacantransmitandreceive electromagneticwaveswiththe
same ME heterostructure. Operating at their electromechanical reso-
nance, ultra-compact ME antennas have dimensions comparable to
their mechanical or acoustic wavelength, whichis five orders of magni-
tude smaller than the electromagnetic wavelength (Fig. 2b). At the same
time, ME antennas are based on magnetic currents, instead of electric
currents; thus, ME antennas areimmune from the platform effect and
exhibit enhanced radiation on a ground plane?>****>*° (Fig. 2c).

In2017, the first ME film bulk acoustic resonator (FBAR) antenna
was experimentally demonstrated, marking a significant milestone:
it operated at 2.53 GHz and showed an antenna gain of -18 dBi.
The structure presented a FeGaB/AIN ME resonating disk with a
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thickness of -1 pum and a diameter of 200 pm released but anchored ona
0.5-mm-thick Si substrate*>. Mounting a conventional dipole antenna
onaground plane, such as ametallic surface or human body can lead
to a detuned antenna impedance and detrimental effects on the per-
formance, as the ground plane can reflect, absorb, and scatter elec-
tromagnetic waves and cause destructive interference. ME antennas,
however, use magnetic dipole for radiation and show ground plane
immunity as the image dipole of the ME antenna on a ground plane is
in-phase with the magnetic dipole itself. This ground plane immu-
nity and a -3 dB gain enhancement on a ground plane have been
observed for ME FBAR antennas”. ME antennas are ideally suited as
conformal antennas for platform-independent deployments, suchasin
biomedical health monitoring'®.

Despite the superior performance of ultra-high-frequency
(UHF) FBAR ME antennas as conformal antennas over various ground
plane platforms, they present physical fragility because they are
released and suspended devices? (Fig. 3a). Solid-mounted resona-
tor (SMR) ME antennas utilize acoustic Bragg reflectors to robustly
support ME resonators and effectively confine acoustic energy, ena-
bling comparable performance with 24 dB enhanced power handling
compared with FBAR ME antennas®* (Figs. 2d and 3b). The perfor-
mance of the ME antenna can be further improved through an array
topology: the simulated induced output voltage of the mechanically
driven ME antenna can be tripled by using three ME resonators in
series compared with a single resonator owing to nonlinear cou-
pling®®'°*, Additionally, the bandwidth of the ME antenna can be
larger through a resonator array with varying resonance frequencies
(either through varying the thickness or the width of the resonator,
depending on the targeted acoustic mode)'* (Fig. 3c). These UHF
ME antennas are self-biased and passive devices with much higher
gains than similarly sized conventional antennas, making them ideal
for portable and/or wearable loT devices or biomedical implantable
devices™.

Characteristics of magnetoelectric antennas

VLF ME antennas (3-30 kHz) have been experimentally demon-
strated and patented*-*>*° (Fig. 3d). The VLF signals can penetrate deep
into dense and lossy media, such as water, soil and rock. State-of-the-art
VLF antennas have dimensions that are miles across and are toolarge to
beimplementedinunderwater or underground environments. For base
station VLF transmitters, these physically gigantic VLF antennas are still
electrically small compared with their wavelength, have low radiation
resistance and consume megawatts (MW) of power'®.1n 2020, experi-
mental and theoretical results on ultra-compact (-10 x 1 x 0.1cm?)
ME mechanical antennas and ME communication systems have been
demonstrated with distances over 120 m (ref. 30). The maximum trans-
mission distance of a single mechanical antenna is still a few hundred
metres within near-field range, restricting long-distance communica-
tion’*.In2022, aVLF ME 12-antenna array with a high converse magne-
toelectric coupling quality factor (Qgcye = 120), greater than twice the
typical value of 48, was demonstrated, showing an order of magnitude
increaseinradiation over a single ME antenna®** (Fig. 3e). The compact
ME antenna array could linearly enhanceits radiation B-field strength
from 20 nT for a single unit to 210 nT for a 12-element array. Both the
radiation magnetic field intensity and the antenna efficiency were
linearly boosted using alarge number of arrays®.

High-Q VLF ME antennas have a very limited bandwidth, which
can be overcome through a nonlinear antenna modulation scheme
to potentially achieve a high data rate of 2-10 kbps without the use
of a mixer. A data rate that is one order of magnitude higher than
that of state-of-the-art VLF communication systems'°*. Combining
the enhanced field strength via array deployment with high datarate
viaanonlinear antenna modulation, VLF ME antenna arrays canrealize
ultra-compact mobile bi-directional VLF communication links between
underwater and shore or between underwater and air across the air-
water boundary?. VLF underwater and underground sensor networks
can, thus, happen with the help of the earth-ionosphere waveguide.
Up to 5 m under water, ME antenna arrays in seawater environments
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Fig.2|Smart ME antenna characteristics. a, Magnetoelectric (ME) antenna
piezoelectric-magnetostrictive composites. In the transmitting mode, an
alternating current (AC) voltage is applied to the piezoelectric layer, generating a
strain wave via piezoelectric effect. The strain wave induces the magnetostrictive
film deformation and triggers the magnetization dynamics for AC magnetic

field radiation (H,c). In the receiving mode, the magnetization in response to

the radiofrequency (RF) magnetic fields from electromagnetic waves leads

to magnetic film deformation owing to magnetostriction effect. The strain

in magnetic film gives rise to the deformation of the piezoelectric layer and
generates RF voltage output via inverse piezoelectric effect. The strain-mediated
transverse (@) and longitudinal (a; 33) ME coupling leads to in-plane and out-
of-plane radiation magnetic field H,c. b, Scanning electron microscopy (SEM)
image of ME antenna at very-high-frequency (VHF) and ultra-high-frequency

or human body !

T
-10 6] 10 20 30 40
Input power (dBm)

(UHF) bands, showing ultra-low cost, size, weight, and power (CSWaP) feature
of ME antennas. ¢, lllustration of ground plane or platform immunity of

ME antennas. The out-of-phase imaging electric current of a conventional
electrical antenna mounted on ametallic surface, ground or human body
cancels the antenna radiation (left side), whereas ME antenna utilizes magnetic
current for radiation and its in-phase imaging current contributes to 3 dB gain
enhancement of ME antenna radiation (right side). d, Power handling test of
the film bulk acoustic resonator (FBAR) and solid-mounted resonator (SMR)
antennas. The FBAR antenna has a1l dB compression point (P1dB) of 7.1dBm
whereas the P1dB of SMR antenna is 30.4 dBm, indicating that SMR antenna
shows much better power handling capability. Panel b is reprinted from ref. 22,
CCBY 4.0. Panel cis adapted with permission from ref. 27, IEEE. Panel d is
reprinted from ref. 31, CCBY 4.0.
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solid-mounted resonator (SMR) antenna based on FeGaB/ZnO resonator on
(SiO,/W); acoustic Bragg reflectors. ¢, Very-high-frequency (VHF) and ultra-
high-frequency (UHF) dual-band smart ME antenna for magnetic sensing and
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show similar transmission behaviours asinair, with noreflectionat the
seawater-air boundary?”. As the equivalent dipole moment amplifies a
thousand-fold, over a30-m transmission distance at 24 kHzbecomes
achievable”. Compared with other mechanical antennas'”’, VLF ME
antenna performance shows amagnetic noise of -3 pT Hz > at 24 kHz
and, thus, are extremely sensitive receivers (C.D. et al., manuscriptin
preparation). Overall, VLF ME antennas have the advantage of ultra-
compactsize, low power consumption,10™ T magnetic field sensing,
10x enhanced data rates, and enhanced radiation strength and effi-
ciency with array deployment compared with alternative mechanical
antennaapproaches.

MEWPT
WPT enables versatility in applications wherein passive operation is
desired, as in the case of IoT sensor nodes installed at locations with
limited approachability or for invasive bioimplants. Layered ME hetero-
structures have been adopted and studied for WPT. In this case, the
magnetostrictive material picks up the magnetic field in space and
convertsittostrain. Thestrainisthentransferredto the piezoelectric
layer through ME coupling, giving an electric voltage usable as apower
supplylos—no'

Besides WPT, ME antennas can harvest energy from mechanical
vibrations and magnetic fields'°*"'°. The magnetic field-based energy

harvesting devices directly pick up the magnetic fieldsin space either
instray form or as the transmitted signal. The WPT efficiency of a ME
receiver can reach more than 80% (refs. 111,112), which is compara-
ble to or higher than the resonant coil-to-coil inductive WPT link. At
large distances, ME receivers can have efficiencies one order of mag-
nitude higher than the ones obtainable by resonant coil-to-coil WPT
links, making ME antennas competitive candidates for large-scale and
long-distance WPT networks'”.

Taking advantage of their ultra-compact sizes and high efficiency
for data transmission and WPT, ME antennas have great potential for
bioimplant applications, especially considering the strict size limita-
tions and high energy absorption in tissues at higher frequency™*.
In this direction, engineering novel materials for device flexibility
and biocompatibility>"¢, and developing system-level bioimplants
for magnetic sensing and stimulation'” have become paramount. For
example, NEMS smart ME antennas can perform WPT and magnetic
field sensing simultaneously®. The achieved figure of merit for WPT
isone to two orders higher than that of miniaturized micro-coils with
a magnetic field limit of detection of 300-500 pT between 100 and
1,500 Hz. In another example, a system-level ME bioimplant with an
output power of 1.17 mW was obtained under a 6W transmitter power
at an operating distance of 30 mm and was used to produce a 3Hz
stimulation in arat model'®. The subsequent works on ME bioimplants
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combined data communication and WPT and optimized the modula-
tion schemes for a backscattered communication system"®", These
ME antennas with excellent performance on data communication
and WPT enable ultra-compact passive loT devices for simultaneous
wireless information and power transfer operation in a single device,
as demonstrated they exploit distinct acoustic resonance modes,
enabling simultaneous magnetic field sensing, data communication,
and WPT?*,

MEs for power, RF and microwave electronics

Inthe realm of power, RF and microwave electronics, tunable and nonre-
ciprocal components with compact size and superior power efficiency
are in high demand. In this section, we focus on magnetoelectric and
magnetoacoustic devices and systems that enable tunability and non-
reciprocity and exhibit promising compactness, power efficiency and
versatility.

ME-tunable components

The demand for tunability in RF devices, driven by size reduction, cost-
effectiveness and versatility requirements has led to the exploration of
methods such as CMOS switches and varactors, M/NEMS switches and
varactors, ferroelectric varactors, and magnetics'*’. However, these
approaches are slow, bulky and power-hungry and often introduce
discrete tunable states, structural fragility. ME materials exhibit electric
field and magnetic field control of high permeability and permittivity,
ferromagnetic resonance (FMR), and non-uniform spin waves, which
can be harnessed for tunable power, RF and microwave components,
includinginductors, filters, phase shifters and resonators'°. The strain
generated through piezoelectric or electrostrictive effects induces
an effective magnetic field, altering magnetic properties and device
performance’®”.

Tunable permeability or Faraday rotation'*' in ferrites are lever-
aged to achieve phase shifts through transmission line'”'? or wave-
guide structures™®. The Polder tensor, linked to the frequency and
magnetic field, dictates the phase shift, thus enabling tunability via
piezoelectric-electrostrictive materials. This capability was demon-
strated for phase shifters based on a partially biased ferrite YIG, and
tunable phase shifters using a YIG/PMN-PT ME laminate'* (Fig. 4a).
These examples underscore the potential for ME materials as low-cost,
power-efficient, tunable components.

Inductors are ubiquitous circuit elements. To enhance the per-
formance of the inductors and reduce their size, high-permeability
materials such as NiFe permalloy'?, NiZn-ferrite'°, FeCoCu (ref. 131)
and FeGaB (refs. 132,133) are used as magnetic cores. Magnetic or
insulator laminated cores™*'* are used to mitigate eddy currents.
However, these inductors are typically not tunable or are tuned viaan
applied magnetic field, which is not a scalable approach. ME induc-
tors withamagnetic/ferroelectric ME heterostructure core have been
demonstrated with voltage-tunable inductance, increased inductor
quality factor (Q,), and reduced eddy current loss**"***, Voltage-
tunable inductors composed of PZT and Metglas demonstrated a
remarkable 450% inductance tunability at 1 kHz (ref. 138), albeit with
restricted operating frequencies owing to the large eddy currents in
the Metglas. FeGaB/Al,O,/PMN-PT composites yield gigahertz-range
inductors withamaximum Q, 0of32.7% and 191% inductance tunability
at1.5 GHz (ref. 136) (Fig. 4b).

Tunable bandpass or bandstopfilters are widely used for frequency
selectivity in signal processing. Magnetic material-based bandstop fil-
tersleverage the FMR absorption for notch frequency characteristics,

121 5

using ferrite®** or FeGaB (ref. 144). Piezoelectric-electrostrictive

materials bonded to magneticlayers enable voltage-based frequency
tuning. YIG/PZT heterostructures produced a bandstop filter with
15 MHz tuning at -50 dB in-band rejection'*. ME coupling facilitates
voltage-tunable bandpass filters viamagnetostatic surface wave trans-
missioninferrites. The magnetic field-dependent dispersion relation of
magnetostatic surface waves permits direct or strain-induced magnetic
field tuning™®. For example, electrically and magnetically tunable ME
bandpass filters were demonstrated using NiZn ferrite and PMN-PT
slab'’ (Fig. 4c). Additionally, ME-based mechanical resonance led to
tunable frequency selectivity in free-standing FeGaB/AlO, structures'®
(Fig. 4d).

Tunable ME resonators are crucial for studying the fundamental
electromagnetic couplingin tunable ME devices such asfilters, phase
shifters, and inductors, which are based on magnetic/ferroelectric or
magnetic/piezoelectric multiferroic heterostructures'’. Compared
with conventional tunable resonators by magnetic field from magnetic
cores, these heterostructures with strong converse ME coupling enable
effective voltage control of magnetism, providing great opportunities
for compact, lightweight, and power-efficient voltage-tunable RF and
microwave signal processing devices"°. The ME resonators also have
competitive tuning range, tuning speed, power handling, linearity,
and cost. One notable milestone of the ME resonatorsis the realization
of a novel FeGaB/PZN-PT heterostructures”, which exhibit a record
high electrostatically tunable FMR frequency range of 5.82 GHz with a
ratio between f,,,,and f,.;, of 4.3, and agiant electrostatically induced
magnetic anisotropy field of 750 Oe at both DC and microwave fre-
quencies. The giant frequency tunability makes these FeGaB/PZN-PT
multiferroic heterostructures attractive for voltage-tunable microwave
ME devices.

Nonreciprocal magnetoacoustic RF devices

Integrated nonreciprocal components, such as isolators and circula-
tors, have revolutionized wireless communication and sensing meth-
0ds"'" Isolators serve as safeguards, preventing back reflections from
affecting on-chip high-power amplifiers™'"'*>, Meanwhile, integrated
circulators, in combination with self-interference cancellation tech-
niques, pave the way for in-band full-duplex operations in upcom-
ing wireless systems and networks''*>, However, the integration of
full-duplex transceivers based on these integrated CMOS circulators
and self-interference cancelers primarily cater to high-power wire-
less applications and involve considerable DC power consumption
ranging from tens to hundreds of milliwatts. The current iterations of
CMOS circulators™ "> built upon transistor modulation exhibit high
power usage (40-200 mW), rendering them less suitable for low-power
applications. Additionally, existing integrated CMOS nonreciprocal
components encounter bandwidth limitations owing to their depend-
enceonresonantringstructures” ">, leading to compromises in power
handling when prioritizing wider bandwidths"*'>*. Innovative inte-
grated nonreciprocal technology featuring superior power efficiency,
linearity and isolation is needed to enable low-power applications
within the emerging landscape of IoT.

Nonreciprocal magnetoacoustics through the coupling of sur-
face acoustic wave with nonreciprocal spin waves emerges as a novel
approach for integrated nonreciprocal RF devices"*'*°. The synergy
between surface acoustic waves and spin waves results in substantial
nonreciprocity accompanied by remarkable power efficiency. The
hybridizationlays the groundwork for on-chip integrated nonrecipro-
cal magnetoacoustic RF components that seamlessly align with CMOS
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Magnetoelectric tunable RF/microwave components
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compatibility, ideally suited for both low-power and wideband full-
duplex wireless radio systems. The integrated systems hold immense
potential for secure communicationsin the future of loT, smart cities,
smartgrids andindustrial automation. Notably, these magnetoacoustic
devices bring together the functionalities of RF circulators and surface
acoustic wave filters, streamlining systems, and radio attributes such
assize, cost, complexity and overall efficiency.

The origin of the nonreciprocity of the hybrid magnetoacous-
tic devices lies in the interplay between surface acoustic waves and
spin waves, leading to the emergence of two distinct hybrid magne-
toelastic waves through the anti-crossing of magnons and phonons™®.

Empirical evidence supporting nonreciprocal transmissionin surface
acoustic wave devices with various single magnetic filmlayers, such as
FeGaB, Niand Co”, underpins this principle. However, the strength and
operational bandwidth of this transmission remains limited (Fig. 4e).

Ongoing research strives to increase both the coupling strength
and bandwidth through magnetoelastic interactions between nonre-
ciprocal spin waves and surface acoustic waves™'*°, One such demon-
stration of nonreciprocity involved coupling surface acoustic waves to
a perpendicular magnetic anisotropy stack made of Ta/Co,,Fe4,B,o/
MgO/Al,O; (ref. 161) with interfacial Dzyaloshinskii-Moriya interac-
tion'®. The chirality of rotational lattice deformation coupled with

Nature Reviews Electrical Engineering | Volume 1| May 2024 | 317-334

326


http://www.nature.com/natrevelectreng

Review article

Fig. 4 |Magnetoelectric tunable devices for RF, microwave and power
electronics and efficient nonreciprocal magnetoacousticisolator, phase
shifter or circulator. a, State-of-the-art tunable phase shifter'” utilizing electric
(E)-field tuning permeability in yttriumiron garnet (YIG)/ Pb(Mg, ;Nb,;3) 05~
PbTiO; (PMN-PT) heterostructure. It achieves a phase shift of 119°at 5 GHz and
alowinsertionloss of 3.5 dB at 5.5 GHz. b, State-of-the-art tunable inductor™*
utilizing E-field tuning permeability. Polyimide with FeGaB is used as a magnetic
core. The permeability of FeGaB can be tuned by applying voltage on PMN-PT
or abias magnetic field. It achieves aninductance of1.2-3.5 nH and a maximum
inductor quality factor (Q,) of 32.7. ¢, State-of-the-art tunable phase shifter'*’
utilizing E-field tuning spin wave. The dispersion relation of spin wave in

NiZn ferrite tuned by an applied voltage on PMN-PT or a bias magnetic field
allows bandpass transmission centred at 3.78 GHz, with an E-field tunability of
55MHz (kV cm™)? and a magnetic (H)-field tunability of 5 MHz Oe ™. d, State-of-
the-art tunable bandpass filter'*® utilizing AE effect. The applied voltage on the
AIN piezoelectric layer or an applied bias magnetic field leads to the Young’s
modulus change of the FeGaB magnetostrictive layer. The Young’s modulus
change allows for bandpass transmission with an £-field tunability of 2.3 kHz V!
and a H-field tunability of 5 kHz Oe™. e, Dispersive relation (left), transmission
versus frequency (middle) and transmission versus vector magnetic field (right)
of acoustic-driven spin resonance® . Acoustic-driven spin resonance shows

strong absorption but weak nonreciprocity at the anti-crossing frequency of the
spinwave and acoustic wave modes. The corresponding devices incorporate
single magnetic layers (Ni, FeGaB, Co, etc.) between interdigital transducers
(IDTs) on the piezoelectric substrate, which can be used to efficiently excite
quantum defects. f, Dispersive relation (left), transmission versus frequency
(middle) and transmission versus vector magnetic field (right) of wideband
nonreciprocal transmission*"*°, Wideband nonreciprocity leverages the strong
coupling between surface acoustic wave (SAW) and non-reciprocal spin wave

in synthetic antiferromagnetic (AFM) stack (FeGaB/SiO2/FeGaB, Ru/Co/Ru,
etc.), whichis used for nonreciprocal isolators, phase shifters or circulators.
Panelais adapted with permission fromref. 125, IEEE. Panel bis adapted with
permission fromref. 136, IEEE. Panel cis adapted with permission from ref. 147,
IEEE. Panel d is adapted with permission from ref. 148, IEEE. In panel e, dispersive
relation and transmission versus frequency graphs are reprinted with permission
fromref.166, APS, whereas transmission versus magnetic field vector graph
isadapted with permission fromref. 39, AAAS. In panelf, dispersive relation

and transmission versus frequency graphs are reprinted with permission
fromref.166, APS, whereas transmission versus magnetic field vector graph
ismodified fromref. 25, the authors, some rights reserved; exclusive licensee:
AAAS. Distributed under a CCBY-NC 4.0 license.

magnetization, through magnetic anisotropies, induces pronounced
nonreciprocal attenuation in surface acoustic waves, which canenable
adaptable acoustic rectifiers, isolators and filters. In contrast to the
confined Dzyaloshinskii-Moriya interaction-induced nonrecipro-
cal band (10-100 MHz)'**, Ruderman-Kittel-Kasuya-Yosida antifer-
romagnetic exchange'* offers a wider nonreciprocal transmission
band characterized by substantial isolation strength (Fig. 4f). This
broader bandwidth response provides a pathway to versatile wideband
nonreciprocal RFisolators, circulators, and phase shifters'®'°, Experi-
mental validation of this concept entails an antiferromagnetically cou-
pled stack (FeGaB/Al,O,/FeGaB) situated between two interdigitated
transducers onalithium niobate substrate®?5,

Emerging systems

Here we discuss the prospect and promise of emerging systems that
should be further explored to improve the performance of magneto-
electric materialsand N/MEMS for wireless communication, magnetic
sensing and quantum technologies relevant to loT applications.

Strong magnon-phonon coupling for energy-efficient
transduction

Magnons and phonons are integral quasiparticles in the realm of
solid-state physics. Magnons, the result of collective electron spin
wave excitation, holdimmense potential for applications inadvanced
information processing, communicationand sensing. Their attributes,
including tunable frequencies through magnetic fields, rapid opera-
tion, and extended transduction distances, stem from their high spin
density and magnetic dipolar coupling®. Phonons, which denote collec-
tions of acoustic vibrations, excel as carriers of coherent and quantum
information owingto their long lifetimes within solid-state platforms.
The small wavelengths associated with acoustic waves make phonons
particularly suitable for on-chip hybrid quantum systems'”’, with their
frequencies conveniently adjustable through geometric manipulation.
Coherent magnon-phonon couplingis a critical mechanism for seam-
less information transfer between magnon and phonon excitations'*®,
These fundamental quasiparticles have a pivotal role in bridging various

other quantum information carriers. The coupling not only holds the
promise of revolutionizing information technologies but also sparks
interdisciplinary investigations into hybrid multi-physical cavities such
as cavity optomechanics, optomagnonics, and magnomechanics''"°,
A central aspect of strong magnon-phonon coupling, identified by
anti-crossings in magnon and phonon dispersionrelations, givesrise to
hybrid magnetoacoustic modestermed magnonpolarons. The strength
of this coupling is quantified by equation (2):

_g _@n’ -
KyKp  4Kykp

where gisthe coupling strength of magnons and phonons and Afis the

mode-splitting frequency gap. k,,and kpare the loss rates of the magnon

and phonon modes, respectively™’.

Recent research has focused on robust magnon-phonon cou-
pling withimproved acoustic resonance quality factor (Q,coustic) and
spin resonance quality factor (Qpn), coupling strength (g) and coop-
erativity (C). This shift is driven by its potential contributions to
magnon spintronics, spin caloritronics, and emerging phenomena
such as the spin Seebeck effect, spin pumping, magnon-phonon
conversion, and thermal Hall effect”"”%. To enhance Q,coustic Qspin &
and C, researchers are adopting innovative design methodologies.
Strategies include reducing energy dissipation, localizing energy
in specific coupling regions, and enhancing magnetoelastic cou-
pling. Notable examples include creating Ni nanomagnets on Si
substrates to achieve strong coupling using ultrafast pump-probe
techniques' and leveraging perpendicular standing acoustic waves
in GGG substrates to enhance coupling with magnons inlow-loss YIG
films'*. In 2020, a galfenol nanograting with a high magnetoelas-
tic coupling constant was introduced, leading to enhanced coop-
erativity’>"°. Techniques such as Gaussian focusing interdigitated
transducers in surface acoustic wave devices and Bragg reflectors
for magnetoacoustic systems further enhance the coupling””"”°.
A strong magnon-phonon couplingin bulk YIG/AIN ME resonators,
demonstrated in 2022, revealed insights into radiation efficiency
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Glossary

AE effect

The change in the Young's modulus E
of a magnetic material caused by an
applied magnetic field, which adds
additional magnetic field-induced
magnetostrictive strain to the elastic
Hookean strain.

Acoustic resonance quality
factor

The frequency-to-bandwidth ratio
of acoustic resonance.

Electromechanical resonance
QOccurs in a piezoelectric micro-
electrical-mechanical-system resonator
or actuator when the frequency

of the electrical signal matches with

the natural mechanical resonant
frequency of the device. At this
resonant frequency, there is highly
efficient transduction between electrical
energy and mechanical motion, leading
to an enhanced mechanical vibration
amplitude.

Converse magnetoelectric
coupling

The control of the magnetization
oscillation in a material through an
applied electric field. The strength of
the converse ME effect for isothermal
processes is described by the following
equation: teonyerse = Ho (OM/0E)) 1
where M is magnetization, H is magnetic
field, Eis electric field and T'is
temperature.

Converse magnetoelectric
coupling quality factor

Refers to the frequency-to-bandwidth
ratio of the converse magnetoelectric
coupling coefficient.

Direct detection

Refers to magnetic field detection
which is sensed via strain-induced
magnetoelectric voltage.

Direct magnetoelectric
coupling

The control of the switching in the
electric polarization of a material
through an applied magnetic field.
The strength of the direct ME

effect for isothermal processes is
described by the following equation:
Opirect = (OP/OH) 1 ¢, where Pis defined
as polarization, H is magnetic field, £
is electric field and T is temperature.

Electrostrictive

Describes the property of shape change
under the application of an electric

field in electrical non-conductors or
dielectrics.

Ferrimagnetism

A variant of magnetism whereby
magnetic moments in a material are
antiparallel. Unlike antiferromagnetism,
the antiparallel moments have different
magnitudes and, therefore, do not
cancel each other out. The result is a
spontaneous, net magnetization.

Ferroelasticity

The property of those materials that
exhibit spontaneous strains, specifically
two stable strain states that have a
hysteretic response to external force.

Ferroelectricity

The property of certain dielectric
materials that are characterized by a
spontaneous electrical polarization
even after the removal of the applied
electric field. The orientation of their
dipole moment can be altered by the
application of an electric field. Electric
dipoles and ferroelectricity violate
spatial inversion symmetry.

Ferromagnetism

The property of those materials wherein
neighbouring magnetic moments

align parallel to each other, resulting

in a spontaneous macroscopic
magnetization even in the absence

of an external magnetic field.

Ferrotoroidicity

The spontaneous long-range order
of microscopic toroidal moments.
Materials that show this property
simultaneously break time-reversal
and space-inversion symmetries
without developing ferromagnetism
or ferroelectricity.

Frequency modulation
Enables conversion of low-frequency
magnetic fields via piezoelectric
actuation or external AC magnetic
field modulation, thus allowing the
magnetoelectric magnetometer to
overcome 1/f noise.

Inductor quality factor

The ratio of inductive reactance to
resistance at a given frequency. This
parameter is used to evaluate the
efficiency of storing and releasing
energy and energy loss of an inductor.

Interfacial coupling
coefficient

Describes the quality of the interface
between the magnetic and the
piezoelectric components of a ME
laminate. Aninterfacial coupling
coefficient equal to 1represents a
perfectly bonded interface between the
magnetic material and the piezoelectric
phase, thus ensuring a perfect coupling
between the two components and the
possibility of transferring strain without
appreciable losses.

Magnetoelectric coupling
quality factor

The frequency-to-bandwidth ratio of
magnetoelectric coupling coefficient.

Magnetoelectric materials
(ME). Materials, either single phase

or acomposite, that possess both
ferromagnetic and ferroelectric order.
This definition is often expanded
toinclude non-primary order
parameters, such as ferrimagnetic

or antiferromagnetic order.

Magnon spintronics

A fascinating area of research that
delves into structures, devices and
circuits leveraging spin currents
carried by magnons, offering exciting
possibilities for energy-efficient
computing and novel device
architectures.

Magnon-phonon coupling
Refers to the conversion between
magnons (quanta of coherence
procession of magnetic moments)

and phonons (quanta of lattice vibration
inacrystal).

Mechanical resonance quality
factor

Defined as the resonant frequency-
to-bandwidth ratio of the mechanical
resonator.

Inverse Rashba-Edelstein
effect

Enables spin-to-charge conversion in
systems with large Rashba spin splitting.

Longitudinal-longitudinal
(L-L) mode

Defined as the ME coupling between
a longitudinal magnetizationand a
longitudinal polarization.

Multiferroic materials

Materials with multiple primary

ferroic properties. The primary ferroic
properties include (1) ferromagnetism,
(2) antiferromagnetism,

(3) ferrimagnetism, (4) ferroelectricity,
(5) antiferroelectricity, (6) ferroelasticity
and (7) ferrotoroidicity.

Magnetoelectric control
Enables manipulation of the magnetic
state via applied voltage in the device.

Noise spectral density
The magnetometer performance
in units of T-Hz %5,
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Glossary (continued)

Quantum transduction
Refers to the coherent exchange of

Piezoelectric-magnetostrictive
laminate composites
Heterogeneously integrated

or monolithically integrated
heterostructures that are composed of
a bilayer film of a material with magnetic

information between quantum systems
without compromising quantum
coherence.

Spin caloritronics

Afield that explores the interaction
between spin (a quantum property of
particles) and heat currents in materials.

order and another with piezoelectric-
ferroelectric order. The interface of this
bilayer heterostructure strain couples
the two materials.

Platform effects

Refer to the detuned impedance or
degraded radiation performance of an
antenna when mounted on a ground
plane platform such as human bodly.

Spin pumping

The dynamic generation of pure
spin current through the coherent
precession of magnetic moments.

Varactors
Semiconductor devices whose junction

Spin resonance quality factor
The frequency-to-bandwidth ratio of
spin resonance. capacitance can be tuned by applying

voltage.

Spin Seebeck Effect

Refers to the generation of a spin
current (electric potential) owing to a
heat current (temperature gradient)
within a magnetic material.

Thermal Hall effect

Happens when a temperature gradient
causes mobile charge carriers (usually
electrons) to flow from the warmer end
to the cooler end.

enhancement with two split magnetoelastic radiation modes™°. In
the strong coupling region, the radiation efficiency can be enhanced
by over two orders of magnitude with a maximum value of around
3.5% (ref. 180). This coupling can also significantly boost radiation
efficiency in ME antennas, offering the potential for highly efficient
loT applications.

Key design parameters for robust magnon-phonon coupling are
piezoelectric materials with high electromechanical coupling effi-
ciency and magnetostrictive materials with low loss and high magne-
tostriction. The potential of ionslicing to create high-quality released
YIG films for FBAR and SMR antennas, enhancing radiation efficiency,
isalso evident’"®'%2, Additionally, the replacement of AIN with AIScN
having six times enhanced piezoelectric constant'® or use of materials
with higher magnetostriction constants such asboronor carbondoped
FeGa and FeCo alloys®*'**'*, spinel NiZnAl-ferrite'®® and magnesium
aluminum ferrite oxide MgAl, sFe, ;O, (ref. 187) holds promise for fur-
ther enhanced coupling. These advances can enable highly efficient
ultra-compact ME antennas with high radiation efficiency, ME sensors
and magnon-phonon quantum transduction devices.

ADFMR for efficient control of quantum defects

Quantumspin defects, such as nitrogen-vacancy centres in diamonds,
are captivating owing to their multifaceted potential inquantumtech-
nologies: quantum sensing, quantum computing, quantum communi-
cation networks'**"°° and nanoscale magnetic biological sensing'” .
The spinstates of nitrogen-vacancy centres can be optically detected
and manipulated and are sensitive to nearby magnetic fields, enabling
them to function as magnon probes™* and potential transducers for
converting GHz qubit excitations to optical photons'®. Acoustic-driven
ferromagnetic resonance through magnetoelectric bulk acoustic
wave or surface acoustic wave resonators is an intriguing avenue
for nitrogen-vacancy centre manipulation. Its energy efficiency and
compatibility with on-chip integration hold promise for quantum
communication, quantum sensing, and quantum information sci-
ence. Electric control over nitrogen-vacancy centres using ME cou-
pling within CoFeB/PMN-PT bulk acoustic wave resonators has been
demonstrated*’. Applying an external voltage to PMN-PT induced
lattice strain in the CoFeB film, altering its magnetic anisotropy,

nitrogen-vacancy electron spin resonance and the nitrogen-vacancy
centrerelaxationrate.

ADFMR has emerged as an efficient approach for localized
voltage control of nitrogen-vacancy centres with comparable Rabi
frequencies to microwave excitation while consuming far less
power®7_ A thin Ni or Co film between interdigital transducers
was used for nitrogen-vacancy centre excitation, exhibiting power
absorption symmetry peaking at ¢ = 45° (ref. 39). At 1,429 MHz,
distinct nitrogen-vacancy photoluminescence emerged, aligned with
nitrogen-vacancy centre’s excited state resonance frequency. Cobalt-
nitrogen vacancy coupling was notably stronger than nickel, result-
ing in comparable photoluminescence change with significantly
lower electric absorption power. To bolster magnetic biosensing
and improve energy efficiency of information transfer for quantum
communication, coupling acoustic and spin waves effectively via
surface acoustic wave resonators is essential. To reach this objective
low-damping, magnetostrictive materials, CMOS-compatible piezo-
electric materials, and improved interdigital transducer electrode
design are required.

VLF ME antenna arrays for underwater and underground
communications

Underwater communications are pivotal for various oceanic activities,
encompassing scientific, environmental, commercial, and military
ventures. However, achieving high-speed, high-volume underwater
wireless communications remains challenging owing to factors such
asmulti-path propagation, limited bandwidth and rapid signal attenua-
tion™®, especially over extended distances. Acoustic waves are predomi-
nantly used for underwater communications because they attenuate
over alonger decay length in seawater than radio waves. However,
acoustic signals suffer from the water-air communication barrier and
have other limitations, such as low data rates, communication delays
and high energy consumption®. VLF wireless communications between
underwater and shore or air have been one-directional only from shore
to underwater. The large VLF antenna sizes make mobile underwater
VLF transmittersimpractical. This prevents submarines or unmanned
underwater vehicles from transmitting wireless VLF signals from under-
water to shore or air. Overcoming the boundary between water and air
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Table 2 | State-of-the-art performance of magnetoelectric components, goals and potential approaches for loT applications

ME loT applications Current state-of-the-art Goal

Possible approach

ME-based memory
and logic

Proposed MESO-coupled logic
device

Multiferroic component voltage
requirement of ~100mV

Reduce the coercive field of the multiferroic component
either through pushing the BiFeO, to a phase boundary or
selecting another multiferroic material

ME magnetometers  Detection of ~3fT/vHz at 24kHz

Detection of fT magnetic fields at

Novel ME sensor designs, new schemes for noise

0.01Hz-1kHz cancellation
UHF ME antennas Antenna gain of 18 dBi, ground Improved antenna efficiency, Integration of low-loss magnetic materials such as yttrium
plane immunity, antenna arrays, integration of new materials and so on iron garnet into ME antennas, micromagnetic and acoustic
WPT and magnetic field sensing simulation for design optimization
VLF ME antennas Transmission distance of over 120m  Far-field demonstration through ME antenna arrays, nonlinear coupling, vacuum packaging
in air, high data rates of 2kbps lossy media, that is, seawater or and so on
underground
WPT >10x improved WPT efficiency over  Demonstration in real loT applications New ME antennas for WPT, implementation of WPT using ME

resonant coil-to-coil WPT at long at large distances

distances

antennas for IoT, and so on

Demonstration of nonreciprocity
in amplitude and phase

Nonreciprocity via
magnetoacoustic

effects insertion loss

Demonstration of functioning
isolators and circulators with low

New magnetoacoustic isolator and circulator designs and
new materials for low insertion loss

ADFMR control of nitrogen-vacancy
centres with high efficiency

ME quantum
transduction

Coherent control of nitrogen-vacancy
centres using acoustically driven spin
waves with low noise

Heterogeneous integration of low-loss magnetic materials,
driving nitrogen-vacancy centres in diamond with ADFMR
devices exhibiting strong absorption at the frequency and
magnetic field matching the spin resonance of a nitrogen-
vacancy centre

ADFMR, acoustic driven ferromagnetic resonance; |oT, internet of things; ME, magnetoelectric; MESO, magnetoelectric spin-orbit device; UHF, ultra-high-frequency operation; VLF, very-low-

frequency operation; WPT, wireless power transfer.

for wireless communications has been a persistent challenge'. The
ultra-compact mobile VLF ME antenna arrays offer a promising path
to future bi-directional water-air or water-shore and underground
wireless communications®?°,

Besides wireless communication, ME antennas have excellent per-
formance for wireless power transfer. ME antennas have demonstrated
efficiency one order of magnitude higher than resonant coil-to-coil
links for wireless power transfer at large distances with significantly
improved tolerance of misalignment overinductive coupling and reso-
nantinductive coupling. With the combined advantages, ME wireless
power transfer would be an excellent way of powering mobile robots,
unmanned underwater vehicles, etc. Moreover, ultra-compact mobile
magnetoelectric antennas and microsystems can be used for highly
efficient simultaneous wireless information and power transfer, which
is critical for IoT systems and allows the transfer of both information
and power simultaneously to the end devices.

Outlook

ME devices demonstrate excellent performance in wireless communi-
cation, magnetic sensing and energy transduction with good energy
efficiency. ME N/MEMS, such as smart ME antennas, exhibit multi-
functionality and versatility in diverse loT scenarios, combining data
communication, magnetic field sensing and wireless energy transfer
(Table 2). Fully leveraging the potential of ME materials and devices
for loT remains a work in progress.

Integrating ME materials with CMOS-compatible processes is a
significant challenge for use in loT. For instance, low-loss magnetic
materials, such as yttrium iron garnet, require high processing tem-
peratures exceeding 700 °C, breaching the thermal limits of back-end-
of-line CMOS processing. Low-loss magnetostrictive films, such as
FeGaB and FeGaC, are promising alternatives with their low deposition
temperature and CMOS compatibility.

ME magnetometers exhibit a magnetic sensing capability of
fT Hz %5 at 24 kHz (C.D. et al., manuscript in preparation). The goal,
however, is to extend this sensitivity to a broader frequency range,
spanning from 0.01 Hzto1kHz, while maintaining detection thresholds
onthe order of fT. Novel ME sensor designs and new schemes for noise
cancellation need to be explored.

Boosting the gain and the radiation efficiency of UHF ME anten-
nas is essential for IoT applications such as WPT, magnetic sensing
and communication. Despite experimental demonstration of high-
gain UHF ME antennas, the design and simulation of ME antennas
for improving their performance is an open challenge. An efficient
bulk acoustic wave-mediated multiferroic antenna was designed and
simulated using the finite-difference time-domain technique®*’. How-
ever, being that the simulation model was limited to 1D, its abilities
to fully capture the spin wave-acoustic wave interactions and, there-
fore, the ability to design high-performance ME antennas are limited.
Two-dimensional and three-dimensional micromagnetic and acoustic
simulation platforms need to be developed that capture the complex
interactions of spin waves and acoustic waves to optimize the design
of UHF ME antenna units and array structures. Additionally, the mag-
netic damping of the magnetostrictive layer, typically on the order of
10 to0 1073, is another concern that degrades the gain and radiation
efficiency of ME antennas. Future efforts need toincorporate low mag-
netic loss (magnetic damping on the order of 10~5) materials, such as
yttriumirongarnet, into the MENEMS antennas, to boost antenna gain
and radiation efficiency.

VLF ME antennas ensure robust performanceinlossy mediums such
as water and ground owing to reduced EM signal attenuation for mag-
netic field components, and their compact size allows low-frequency
operations that reduce energy loss and dissipation. Additionally, VLF
magnetoelectric antennas can significantly enhance data transmission
rates by over ten times via nonlinear modulation techniques.
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As of the beginning of 2024, ME VLF antennas have only dem-
onstrated near-field communication. An open challenge for VLF ME
antennasisto demonstrate VLF ME transmitters with radiation in the far
field, and subsequent packaging and testinginaseawater environment.
Besides, nonlinear couplingamong ME antennasin acompactarray is
also interesting to explore for the potential realization of frequency
synchronization and gainenhancement with optimal interspacingand
bias conditions. The nonlinear coupling canenable multiple responsive
antennas optimally driven by a single active element, which offers
promising avenues for potential minimization of ME antenna array
system dimensions. Moreover, novel nonlinear antenna modulation
techniques with higher-order harmonic sideband signal output would
beanotherinteresting direction to further break the limit of datarates
and bandwidth of ME antennas. The emerging approaches combin-
ing nonlinear antenna modulation and nonlinear coupling among
ME antennas hold significant promise for ushering in a new genera-
tion of compact, economically efficient ME antenna arrays with wide
bandwidth operation and high datarates.

Existing ME antenna technologies have exhibited over tenfold
improvementsin WPT efficiency over traditional resonant coil-to-coil
methods at long distances, but the challenge lies in demonstrating
these capabilities in real-world loT applications over large distances.
New ME antennas for WPT need to be designed and optimized, and
demonstration of the full strength of ME antennas for IoT has yet to
be carried out on WPT, data communication, magnetic and vibration
sensing, and so on.

In the sub-field of nonreciprocal magnetoacoustic RF compo-
nents, the accumulation of nonreciprocal phase surpasses T radians
under various field conditions, offering potential for effective circu-
lator development?. The objective is to create highly efficient mag-
netoacoustic isolators and circulators with low insertion loss, which
requires optimal design via theory and simulation, and follow up with
experimental verification.

In terms of ME quantum transduction, with efficient control of
nitrogen-vacancy centres by ADFMR, future work is oriented towards
coherent control of nitrogen-vacancy centres using well-defined spin
waves, with an emphasis on low noise metrics. Heterogeneous integra-
tion of low-loss magnetic materials in ADFMR devices for manipulation
of nitrogen-vacancy centresinadiamond crystalis desired for maintain-
ing spin wave magnitude and propagation distance and enhancing the
relaxation time 7, and coherence time 7,. Thelong 7, and T, ensure that
quantum information transferred from acoustic phonons and then
stored in magnons can maintain a sufficient lifetime without notable
decay or loss owing to relaxation or decoherence, whereas the strong
magnitude and long propagation length of spin wave make it possi-
ble to realize the long-distance communication of quantum informa-
tion between various quantum information storage and processing
platforms viamagnons.

Published online: 7 May 2024
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