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Abstract 
The possibility to tune the magnetic properties of materials with voltage (converse 
magnetoelectricity) or to generate electric voltage with magnetic fields (direct 
magnetoelectricity) has opened new avenues in a large variety of technological fields, ranging 
from information technologies to healthcare devices and including a great number of 
multifunctional integrated systems such as mechanical antennas, magnetometers, RF tunable 
inductors, etc., which have been realized due to the strong strain-mediated magnetoelectric (ME) 
coupling found in ME composites. The development of single-phase multiferroic materials (which 
exhibit simultaneous ferroelectric and ferromagnetic or antiferromagnetic orders), as well as 
progress in other ME mechanisms, such as electrostatic surface charging or magneto-ionics 
(voltage-driven ion migration) have a large potential to boost energy efficiency in spintronics and 
magnetic actuators. This paper focuses on existing ME materials and devices and reviews the 
state of the art in their performance. The most recent progress on different ME devices based on 
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ME heterostructures is presented, including ME antennas, sensors, and others. Significant effort 
and rapid development of mechanical ME antennas has been observed over the past few years. 
These mechanically actuated ME antennas are miniaturized by 1–2 orders compared to 
conventional antenna size. Ultra-sensitive magnetic sensors, which are based on simple ME 
composites, have been considered to be next-generation magnetic sensors and promising 
alternatives to conventional magnetic sensors due to their very good detectivity (< pT/Hz1/2) at 
low frequencies. Other ME devices reviewed in this paper include RF tunable inductors with high 
inductance tunability and quality (Q) factor; non-reciprocal microelectromechanical system 
(MEMS) bandpass filters with dual H- and E-field tunability; passive isolators and gyrators in the 
low frequency (LF) range; and magnetoelectric random-access memories for low-power data 
storage. All these compact and lightweight ME devices are also promising for future biomedical 
and wireless applications. Finally, some open questions and future directions where the 
community might be headed are provided. 
 
1. Introduction 
 
Magnetoelectricity refers to the influence of an applied magnetic field on the electric polarization 
of certain materials (direct magnetoelectric (ME) effect) or, contrarywise, the influence of 
external electric field on the magnetization (converse ME effect). The effect was first postulated 
in 1894 [1] and experimentally observed for the first time in 1960 [2] (Fig. 1). So far, ME effects 
have been observed in (i) single-phase “multiferroics” (a term coined in 1994 to designate 
materials with two or three types of simultaneous ferroic orders, such as ferroelectricity and 
ferromagnetism [3]), and (ii) piezoelectric/magnetostrictive or piezomagnetic/electrostrictive 
composite heterostructures [4]. The primary requirement for ME effects in single-phase 
materials is the presence of adequate structural and symmetry conditions that allow the 
coexistence of spontaneous long-range magnetic and electric orders. Most single-phase 
multiferroic materials are rather complex oxides that exhibit their properties mainly at low 
temperatures. Nonetheless, ME effects have been reported at room temperature (RT) in Cr2O3 
and BiFeO3. These materials are both antiferromagnetic, with virtually zero net magnetization [5]. 
Heterogeneous multiferroics, comprising ferroelectric (FE)/ferromagnetic (FM) bilayers, are the 
most common for practical applications. Examples of FE materials are some perovskites ABO3 
(A=alkaline/alkali earth metal, Pb; B=Ti, Zr, Nb, etc.) or polymers like Poly(vinylidene fluoride-
trifluoroethylene P(VDF-TrFE)). FM include magnetostrictive alloys (e.g., FeGa), spinel MFe2O4 
oxides (M=transition metal) or M-type hexagonal ferrites AFe12O19 (A=alkali earth metal)]. An 
alternative strategy for engineering enhanced voltage-driven ME effects at RT is to introduce 
indirect coupling, mediated via strain, between piezoelectric and magnetostrictive materials. 
Strain coupling requires good mechanical matching between the two constituent phases. For this 
reason, the effects are mainly observed in composite films or patterned structures where the 
crystallographic orientation and interfacial roughness are accurately controlled. In the latter, 
strain gradient effects (eventually, flexoelectricity [6]) can add to homogeneous strains to boost 
magnetoelectricity. Besides multiferroics, novel procedures to tailor magnetism with voltage 
have emerged during recent years [7-9], such as electric surface charging (to tune the magnetic 
anisotropy of ultrathin-film or mesoporous alloys) and magneto-ionics (i.e., voltage-driven ion 
diffusion/intercalation).  



 

 
Fig. 1. Timeline showing the emergence of various types of ME materials. Adapted from Ref. 10. 

 

The number of patents and scientific publications on ME materials have rapidly increased during 
the last two decades (see Fig. 2(a)). Accordingly, ME effects in bulk materials and thick films have 
been utilized in a myriad of conventional applications: magnetic field sensors (automotive, 
robotics), energy harvesters, radio-frequency/microwave devices, radar telecommunications, 
and transducers, amongst others. The total market based on ME materials has become several 
thousand M€/year (www.marketsandmarkets.com), with most of the patents in the period of 
2000–2018 having been issued in China, Japan, and USA (Fig. 2(b)). 

 

 

Fig. 2: (a) Number of scientific papers 
(according to the ‘ISI Web of Science’) and patents per year (according to ‘Google Patents’), using 
the keyword ‘magnetoelectric’, ‘magneto-electric’ or ‘multiferroic’, during the period 2000–2020. 
(b) Geographical distribution of the patents issued during this period by the different existing 
patents offices (P.O.) (extracted from ‘Google Patents’). 
 
Such utilization of the ME effect was enabled by the attainment of ME heterostructures with 
strong ME coupling [11-23], which results in large ME coefficients. Given the two kinds of ME 
coupling—direct and converse ME effects—two coefficients have been defined to quantify the 
coupling strength: 𝛼𝐷𝑖𝑟𝑒𝑐𝑐𝑡 = 𝜕𝑃/𝜕𝐻 and 𝛼𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑒 = 𝜕𝑀/𝜕𝐸, respectively. Only with large ME 
coefficients can the ME effect be useful for applications, so this breakthrough has led to excellent 
further progress on novel ME materials and devices. Consequently, a great number of 
multifunctional ME devices, such as mechanical antennas [24-29], magnetic sensors [30-34], 
tunable inductors [35-38] and filters [39-42], etc. have been developed. These are summarized 
and categorized in Table I based on the physical mechanism and the type of ME coupling. 
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Compared to conventional devices, these voltage-tunable ME devices have the benefits of 
compactness, low weight, etc. 
 
Table I. Physical mechanisms of various ME devices. Adapted from [19]. 
 

ME devices ME coupling Physical mechanisms 

Magnetic sensors, gyrators 
 

Direct ME coupling H control of P 

Voltage tunable inductors, 
filters 
 

Converse ME coupling E control of μ 

Mechanical antennas Direct and converse ME 
coupling 

Interaction between electric 
and magnetic phases 

 
The additional category of mechanical ME antennas is included in Table I due to the high interest 
that this topic that has attracted recently. Notably, a maximum communication distance of 120 m 
for a Very Low Frequency (VLF) communication system using a pair of ME antennas has been 
achieved. Furthermore, ME antennas based on piezoelectric/magnetostrictive heterostructures 
with acoustic actuation, and which are smaller by one to two orders of magnitude than state-of-
the-art compact antennas, have been demonstrated to operate at very-high frequency (VHF, 
60 MHz) and ultra-high frequency (UHF, 2.525 GHz) 
 
With the advent of nanotechnology, new applications incorporating nanostructured ME 
materials (thin films, mesoporous alloys, nano-patterned structures) are emerging. These 
encompass two innovative domains: information technologies (e.g., random access memories 
(ME-RAM) [43], voltage-controlled magnetic logic devices [44], high-density magnetic data 
storage [45], magnonics [46]) and advanced healthcare technologies (e.g., wireless deep neural 
stimulation therapies [47] or ME drug delivery [48,49]). In the following review, we describe 
recent progress on different types of multiferroic materials as well as devices based on ME 
heterostructures that exploit ME effects in various ways. 
 
1.1. Note on magnetic sensor detection limits and terminology 
 
A major subset of ME devices discussed in this review includes magnetic field sensors and ME 
antennas. Given the purpose and applications of such devices, one of their defining properties is 
how small of a magnetic field signal such a device can reasonably detect. However, on this point, 
some notable inconsistencies exist in the body of work of the communities studying various types 
of magnetometers. Thus, a word of caution is in order about the methods and terminology 
related to detection of magnetic fields.  
 
There are actually two separate issues: first, how to quantify the smallest magnetic field a sensor 
or antenna can detect, and second, what term(s) to use for such a measure. Mainly, two ways 
have been used to report the detection limit: in dimensions of [field] or in dimensions of 



[field]/√Hz. The former approach adopts a certain fixed set of parameters relevant to the sensor 
(such as the voltage sustaining the sensor operation) and then measures the sensor output at 
decreasing magnetic field strengths until the output signal flatlines, thereby establishing the 
minimum field detected under these parameters. The latter method is superior in terms of 
quantifying the intrinsic properties of the sensor, which are independent of experimental 
parameters, but is more complex, requiring a measurement of the power spectral density (PSD) 
of the intrinsic noise floor of the sensor. The square root of the PSD of noise is then divided by 
the sensor’s sensitivity (defined as the change in sensor output signal per change in magnetic 
field) to give a standardized measure of the detection limit [50-52]; thus, the presence of the 
noise spectrum in this ratio explains the dimension of Hz-1/2 in the resulting quantity. This 
characterization is more suitable for making comparisons across sensors that have different 
structures and detection mechanisms and may be tested under different parameters. In 
particular, under the first method, the lowest detectable magnetic field signal can be arbitrarily 
improved by methods like increasing acquisition time or averaging. However, the PSD is already 
normalized by acquisition time [50], thus removing this source of arbitrariness.  
 
The second issue is the lack of agreement on terminology. Whereas it is common to find magnetic 
sensor performance reported in terms of [field]/√Hz, this result has been variously referred to as 
“field equivalent noise” [50], “equivalent magnetic noise” [53], “magnetic noise” [26], 
“detectivity” [51], “limit of detection” [54], “minimum detectable signal”[52], “sensitivity”[55], 
and perhaps other names. It would benefit the magnetic sensor community to adopt a shared 
standard of terms. To this end, as well as to unify the discussion of results covered in this review, 
we propose the following. First, we suggest that “sensitivity” be reserved for quantifying the 
change in the sensor’s output signal per unit of magnetic field, [56] and that “magnetic noise” be 
used to designate the noise from magnetization fluctuations and other magnetic effects. Second, 
we propose a new term: “minimum detected field” (MDF) to designate the first kind of result 
discussed above, given in dimensions of the magnetic field only (previously, “limit of detection” 
has been used in this case [32], but this may create confusion when the same term is used for 
both types of measurements). For the second type of quantity, [field]/√Hz, we like “detectivity” 
for its concision and the implication that it is not an absolute detection limit but rather an 
estimate or metric [51], [52] to indicate the kind of field strengths that the sensor can be 
reasonably expected to detect. Thus, these are the definitions employed in the text to follow 
except where the authors were unable to alter the labels within the original figures that have 
been reproduced here. 
 
2. Magnetoelectric materials 
 
2.1. Single phase multiferroics 
 
Although implementation in real devices requires in general materials than can be stabilized as 
thin films, the precise determination of the crystal and magnetic structures and the 
comprehension of the intrinsic ME coupling mechanism requires the use of bulk materials, 
preferably in high-quality single-crystalline form. Unfortunately, and despite an important 
number of material discoveries in the last decade, the number of single-phase multiferroics 



potentially suitable for device applications remains very limited. An ideal material should display 
switchable, strongly coupled electric and magnetic order parameters at room temperature (RT). 
It also has to be a decent insulator, and the different states of the order parameters should be 
large in value and robust enough to be read and manipulated with presently available techniques. 
Such a material was not known in 2013, when the state of the art on RT multiferroics was first 
summarized in a review by J.F. Scott [57], and it is still missing seven years after in spite of intense 
activity in the field [58-63]. On the other hand, the research carried out during the last decade 
allowed to better characterize [63,64] and (in some cases) to improve the properties of some of 
the best candidates. A new promising family and a novel mechanism to create RT multiferroicity 
were also identified. Here we briefly review such advances, compare the different candidates, 
and suggest some ideas for further development.   
 
a) BiFeO3 
 
Crystal structure 
The rhombohedrically-distorted perovskite BiFeO3 was for long time the only material featuring 
both, (antiferro)magnetic order and a large ferroelectric polarization at room temperature. 
Moreover, its relatively simple distorted perovskite structure is an advantage for theoretical 
studies, making it at the same time compatible with most of the materials used in thin film oxide 
electronics. As a result, it has concentrated most of the activity in the field during the last 20 
years, i.e., since the seminal paper of Hill (now Spaldin) [65]. The number of both, experimental 
and theoretical studies devoted to this material is huge, and it is still in the leading position in 
spite of the discovery of other potential candidates. Here we summarize the main characteristics 
of the bulk material as benchmark for the remaining candidates, and refer to the excellent review 
by Catalan and Scott [66] and references therein for further reading. 
 
Transition temperatures, magnetization and polarization 
Bulk BiFeO3 is a good ferroelectric with a high Curie temperature TC = 1103 K due to the 

stereochemical activity of the Bi3+’s lone pair and large polarization (P ~ 100 C/cm2 along the 

<111>pseudocubic directions and R ~ 6x1010 cm in good quality single crystals [67,68]. It is also long-
period (~62 nm) cycloidal antiferromagnet with a slightly incommensurate magnetic propagation 
vector k parallel to the [1, 0, -1]pseudocubic direction [69,70]. The Fe3+ magnetic moments rotate in 
the plane defined by k and P, as well as a weak ferromagnetic component that cancels due to the 
cycloid’s rotation. The Néel temperature TN = 643 K is also high, so, antiferromagnetism and 
ferroelectricity coexist at RT with a comfortable margin of several hundred degrees.  
 
Magnetoelectric effects 
Although BiFeO3 is a good ferroelectric, it is not ferromagnetic. Moreover, antiferromagnetism 
and ferroelectricity appear at different temperatures, and are originated by different 
mechanisms. Interestingly, bulk BiFeO3 displays substantial ME effects, although their strength 
and tensor characteristics are highly dependent of the nature of the applied field (H or E). 
Moderate (H < 10T) magnetic fields cause only a marginally weak increase of P proportional to 
H2, but for H > 20T the coupling between P and H becomes linear and coinciding with a sign 
reversal of P [71]. This is due to the replacement of the spin cycloid by an incommensurate conical 



magnetic order [72] which is accompanied by a small increase of the magnetization. The 
application of electric fields, more interesting for applications, has also an impact in the 
magnetism. This was first demonstrated by Lebeugle and co-workers, which showed that a 71◦ 
rotation of P around k results in a rotation of the spiral plane around the magnetic propagation 
vector by the same value [70]. Such observation was an important milestone that opened the 
way to the first experimental demonstration of electric control of the magnetization at RT by the 
same group. For this purpose, Lebeugle et al. grow a layer of a strong ferromagnet (permalloy - 
Py) on the surface of a bulk BiFeO3 crystal, and showed that the Py easy magnetization axis could 
be toggled with an electric field due to the exchange coupling between the two materials through 
their interface [73]. These findings have been crucial for the interpretation of subsequent work 
in BiFeO3 thin films, and for the design of spintronic devices exploiting the abovementioned 
coupling effects [74,75]. They also redirected the attention towards antiferromagnetic 
ferroelectrics (more abundant than their ferromagnetic counterparts), showing that an electric 
control of the magnetization may also be possible with this kind of materials. 
 
b) Aurivilius phases 
 
Crystal structure 
Aurivillius compounds are a family of layered oxides with general formula of (Bi2O2)2+ (An−1 

BnO3n+1)2−, where perovskite-type blocks alternate fluorite-type (Bi2O2)2+ slabs, and n designates 
the number of ABO3 perovskite units per half-unit cell [76]. As BiFeO3, they are in general good 
ferroelectrics with high resistivity. They are also known by their low fatigue [77,78]. and high 
Curie temperatures, which can reach values higher than 1000 K.  Their high polarization originates 
from the displacements of the ions in the (Bi2O2)2+ layers with respect to those in the perovskite 
layers, which are usually non-magnetic.  It is oriented along the a crystal axis –i.e., perpendicular 
to the stacking direction, and in general, it is hard to saturate [76]. 
 
Since the first report of simultaneous ferroelectric and antiferromagnetic behaviour in 
Bi5FeTi3O15 (n = 4), Bi6Fe2Ti3O18 (n = 5) and Bi9Fe5Ti3O27 (n = 8) [79], the main strategy to promote 
these strong ferroelectrics into multiferroics has been the incorporation of magnetic ions to thein 
B-sites of the perovskite units. Unfortunately, their nature and concentration are strongly limited 
by the electric neutrality of the structure. For example, trivalent A-site cations such a Bi3+ require 
average B-cation valences ranging from 4+ (n=3) to 3+ (n=∞). Large-moment cations such as Fe3+ 
or Co2+ can thus only be incorporated together with the necessary amounts of higher valence 
cations (such as Co4+, Ti4+, Ta5+, Nb5+or  W6+). Since many of them are non-magnetic, their 
presence in large amounts may substantially disrupt the connectivity of the magnetic ion network, 
preventing the occurrence of long-range magnetic ordering [80]. This problem is less acute in 
Aurivilius phases with a large number of perovskite layers, but these materials are more prone 
to display structural imperfections that may leading to leakage currents. Their large unit cells, 
with c ≈ 16, 25, 32, 41, 50 and 58 Å for n = 1, 2, 3, 4, 5 and 6, respectively, are also a limiting factor 
for modeling due to the huge number of atoms per unit cell [80],  and make the growth of 
epitaxial, stacking fault-free thin film growth challenging.  
 
Transition temperatures, magnetization and polarization 



In the recent years, most of the research activity has been concentrated in the n=4 Fe/Co solid 
solutions Bi5Fe1-xCoxTi3O15, either in ceramic, polycrystalline thin film and (less often) single-
crystalline form. Several studies have reported the coexistence of ferroelectricity and weak 

ferromagnetism in these materials at RT with remnant polarizations up to ≈ 16 C/cm2, remnant 
magnetizations up to ≈ 7.8 memu/g, and ferromagnetic Curie temperatures up to ≈ 750 K [81-
84].   Slightly improved magnetic properties have been reported for Bi7Fe2NiTi3O21 (n=6), with a 
ferromagnetic Curie temperature Tc = 773 K and substantially larger remnant magnetization (1.32 

emu/g) at RT [85]. This material also presents a sizable remnant polarization (≈5 C/cm2), but 
suffers from more leakage than the Ni-free compound, an observation attributed to a larger 
number of defects. At this point it is worth mentioning that the presence of intrinsic 
ferromagnetism in these materials has been questioned by some studies due to the possible 
presence of small amounts of impurities with large RT magnetization such as Co3-xFexO4 spinel 
ferrites, whose presence is difficult to detect by standard techniques such as laboratory x-ray 
diffraction [86]. This point is of utmost importance, and calls for additional efforts in the synthesis 
and material characterization. 
 

Magnetoelectric effects 
Early reports of linear ME effects in Aurivilius phases can be tracked back to the eighties. For 
Bi5FeTi3O15 the reported direct ME coefficients (0.1 to 11 mV cm-1 Oe-1) were however very small, 
although larger than in BiFeO3 (0.064 mV cm-1 Oe-1) [87-89]. More recent reports on this material 
and other Aurivilius phases with different n and different magnetic atoms seem to confirm this 
tendency [90], although the number or reports signaling the presence of ME coupling remains 
very limited [81-83]. An interesting development that may inspire further investigations was the 
magnetic-field-induced ferroelectric switching in a grain of a polycrystalline Bi6Ti2.8 

Fe1.52Mn0.68O18 film [86], a rather unexpected observation given the difficulties for reaching 
polarization saturation in this class of materials [76]. The opposite effect, i.e., an electric-field 
induced reversal of the magnetization has not been reported to the best of our knowledge. 
 
c) Hexaferrites 
 
Crystal structure 
Hexaferrites are a family of Fe-containing oxides of hexagonal or rhombohedral symmetry whose 
structures are built by stacking three different structural units along the c-axis:  the so-called S 
[M2+Fe5O8], R [(Ba,Sr)Fe6O11]2- , and T [(Ba,Sr)Fe8O14] blocks, where M+2 designates a small 3d 
divalent cations such as Co+2, Ni+2 or Zn+2. The resulting compounds are characterized by large 
unit cells that can be classified in six different families: M, W, Y, Z, X and U-type, with c ≈ 23, 33, 
43, 52, 84 and 113 Å, respectively [59].  As in the case of the Aurivillius phases, this structural 
complexity makes the growth of single crystal, and epitaxial, stacking fault-free thin film growth 
challenging. Hence, most materials are only available in polycrystalline form [91]. 
 
Hexaferrites are in general insulating when iron is present in a single oxidation state [91]. 
However, electron and/or hole doping though chemical substitution or O vacancies, stacking 
faults -quite frequent owing to their large unit cells- , or accumulation of charges in the grain 
boundaries can lead to a substantial increase in their electrical conductivity [91].   



 
Transition temperatures, magnetization and polarization 
Compared with BiFeO3 and Aurivilius phases, the most distinctive characteristic of hexaferrites is 
that they are not ferroelectric. However, they are ferrimagnetic at RT, with elevated Curie 
temperatures (> 600 K) and large saturation magnetization (≈ 30 to 90 emu/g) either along a 
single direction (M), within a plane (Y, Z, U) or along a cone (W, X) [91].  Interestingly, it was 
demonstrated by Kimura and co-workers that they can develop electric polarization under the 
application of moderate magnetic fields [92], in some cases at RT [93]. This is due to the changes 
in the magnetic structures induced by the magnetic field, not fully characterized due to their 
enormous complexity, but believed to develop cycloidal components that can couple to the 
lattice by inducing acentric charge displacements in order to minimize the relativistic 
antisymmetric product Dij SixSj of neighbouring spins Si and Sj [59].  

 

In the Z-hexaferrite Sr3Co2Fe24O41, the material with the best RT figures to date, its high resistivity 

at 300K (≈ 109 cm) enabled to measure a polarization P ≈ 0.001 C/cm2 under a magnetic field 
of only 0.2T [93]. Similar observations have been reported for other hexaferrites belonging to 
different families [91]. Unfortunately, in most of them polarization measurements could be only 
conducted at cryogenic temperatures due to their leaky nature. If this point could be solved, 
either through improved ceramic preparation, or with the growth of defect-free single crystals, 
their structural flexibility may allow also to improve the RT polarization, directly linked to the 
details of the magnetic order. Ab initio calculations indicated that the exchange interactions are 
strongly dependent on the details of the Fe distribution in the structure, suggesting that progress 
in the control of this parameter could also result in better ferroelectric properties [94].   
 
Magnetoelectric effects 
The magnetic-field induced polarization has in general a non-linear dependence with H due to 
the complex T-H low-field phase diagrams of most of these materials.  In the case of Sr3Co2Fe24O41, 

 is maximum at ≈3 mT, reaching a value of ≈ 0.0063 mV cm-1 Oe-1, about 10 times smaller than 
that of BiFeO3. For this material, resonant soft-x-ray microdiffraction was recently used to image 
the two types of magnetic domains associated respectively to the ferrimagnetic and spiral 
components of its RT transverse conical magnetic structure. Moreover, a simultaneous inversion 
of both types of domains by reversing the applied magnetic field of ~ 0.3T was observed [95]. The 
opposite effect, i.e., an electric-field induced magnetization has not been reported to the best of 
our knowledge. 
 
d) Layered Cu-Fe perovskites 
 
Crystal structure 
Compared to Aurivilius phases, hexaferrites, and even with BiFeO3, the most distinctive 
characteristic of the layered perovskite family RACuFeO5 (R=4f lanthanide, A=Ba and/or Sr) is its 
structural simplicity. Their tetragonal unit cell contains two pseudocubic perovskite units stacked 
along the c axis [96], where the A-cations (R and Ba) order in layers due to their very different 
ionic radii. The B-positions are occupied by Fe and Cu, in square pyramidal coordination due the 
presence of ordered O vacancies. But contrarily to Cu and Ba, they are usually disordered. 



Although most past studies have been conducted in ceramic samples, the growth of large 
YBaCuFeO5 single crystals has been recently reported [97]. Thin films, not reported to date, are 
probably easy to growth owing to the layered nature. Moreover, their in-plane lattice parameter 
is comparable to several commonly used perovskite substrates. 
 
The transport properties of these materials have not been investigated in detail, but the available 

studies indicate semiconducting behavior with RT resistances between 106-1010 98]. Although 
in general they are perfectly stoichiometric, O can be incorporated in the lattice if the sizes of the 
two A-site cations are too similar, resulting in a fast increase of the conductivity [99]. 
 
Transition temperatures, magnetization and polarization 
In spite of their simple crystal structure (Fig. 3), Cu/Fe layered perovskites are the only known 
materials featuring magnetic cycloidal phases stable beyond RT in absence of an external 
magnetic field (in hexaferrites, where the magnetic order is still under debate, such phases seem 
to appear only under the application of a magnetic field).  However, what makes Cu/Fe layered 
perovskites truly unique is the tunability of their spiral ordering temperature Tspiral, that can be 
easily and continuously changed between ≈ 150 and ≈ 400K by adjusting the size of the A-site 
cations and the degree of Cu/Fe chemical disorder in the B-sites [100]. Surprisingly, this last 
variable has a gigantic, positive impact in the stability of the magnetic spiral. In YBaCuFeO5, the 
most investigated among these materials, a 6% difference in Cu/Fe occupational disorder can 
promote Tspiral from 154 to 310K [101], and this temperature can be further increased up to ≈ 
375K by combining maximal Cu/Fe disorder with the exchange of 40% of Ba by Sr [100]. 
Interestingly, the cycloidal component of the magnetic spiral increases with the Tspiral value, 
suggesting that the materials with the highest spiral transition temperature could also show the 
largest polarization [100]. 
 
An direct consequence of the layered perovskites structural simplicity (just 9 atoms per unit cell) 
is that they are easier to model. The huge impact of Cu/Fe disorder in the stability of the spiral 
phase has indeed inspired the formulation of a novel, disorder-based local frustration model able 
to predict the periodicity and the ordering temperature of the spiral phase from the magnetic 
exchange constants and the degree of disorder [102,103]. Their predictions have been 
successfully verified in the case of Cu/Fe layered perovskites, suggesting that it could serve as 
basis for the design of other materials with Tspiral phases at RT and beyond.  
 
 



 
 
Fig. 3. Crystal structure of the layered perovskite YBaCuFeO5, and evolution of the stability region 
of its magnetic spiral phase using different tuning strategies. a) Cooling rate of the last annealing 
used to modify the degree of Cu/Fe disorder in the bipyramidal sites. b)  Replacement of Y3+ by a 
trivalent rare earth cation with different ionic radius. c) Partial replacement of Ba2+ by Sr2+. In b) 
and c) the samples were cooled using a very fast cooling rate in order to reach a high degree of 
Cu/Fe disorder. In all panels, the color scale indicates the value of the incommensurate 
component kz of the spiral magnetic propagation vector k = (½ ½ kz) (adapted from ref. 100). 
 
Contrarily to their crystal and magnetic structures, the dielectric and ferroelectric properties of 
these materials have not been investigated in detail. Given the existence of cycloidal components 
in (nearly) all the materials investigated, spontaneous polarization is expected to appear below 
Tspiral. This has been indeed observed in YBaCuFeO5 ceramic samples by three different groups 
[96, 104, 105] although in some cases the non-exact coincidence of Tspiral with the polarization 
setup suggests the presence of leakage. On these reports, pyrocurrent measurements give 

saturation polarization values up to 0.6 C/cm2, close to the 1 C/cm2 considered the minimum 
for applications, and significantly larger than the values reported for hexaferrites. As in the case 
of BiFeO3, leakage problems are expected to be less severe in single crystals. Measurements on 
crystals will be also needed to determine the polarization direction, theoretically predicted to be 
in the ab plane, but presently unknown. P-V ferroelectric hysteresis cycles have not been 
reported, at least to our knowledge.  
 
As BiFeO3, Cu/Fe layered perovskites are antiferromagnets without net spontaneous 
magnetization [96,106]. However, given the (usually strong) response of magnetic spirals to 
external magnetic fields, low-field. incommensurate conical phases with small ferromagnetic 
components, similar to those reported for hexaferrites could exist in these materials as well.  
 
Magnetoelectric effects 
The existence of ME coupling in YBaCuFeO5 was first reported by Kundys et al. [104], who 
observed a 85% decrease of the polarization in ceramic samples after applying a 9T magnetic 
field.   The same team reported also a nearly linear increase of the relative dielectric permittivity 
with H for fields up to 14T that reached values of ≈ +0.25% at 14T in the vicinity of Tspiral. 



Magnetocapacitance effects have been also reported by Luo et al. [107], but they are negative 
and about 10 times larger than those reported by Kundys. A possible origin for these 
discrepancies can be the huge dependence of the magnetic order with the Cu/Fe disorder (and 
hence with the preparation method). Measurements on well characterized single crystals will be 
necessary to clarify the nature of the observed ME effects in YBaCuFeO5. 
 
Table II. Single-phase multiferroics where RT ME effects have been reported of have high chances 
to exist. 

 
 
Family and best 
performing 
materials 

 
Origin Ferro-

electricity 

 
Ferroelectric 
temperature  

range (K) 

 
(Anti) 

ferromagnetic 
temperature   

range (K) 

 
Maximum 
polarizatio

n 

(C/cm2) 

 
 

Main advantages 

 
 

Main drawbacks 

BiFeO3 Bi3+’s lone pair         TC = 1103 [66]         TN = 643 [66]        ≈ 100 [67] -  Large polarization 
-  High magnetic and ferro-  
   electric ordering 
   temperature 
-  Magnetoelectric coupling 
 

-  Antiferromagnetic 
-  Complex domain 
    structure 

Aurivilius phases 
 
Bi5Fe1-xBxTi3O15 

 (B = Co, Mn) 

Bi3+’s lone pair      < 1030 [81-84]        < 750 [81-84]  ≈  16 [81-84] -  Large polarization 
-  High ferroelectric ordering  
   temperatures 
  

 
-  Structural complexity 
-  Ferromagnetism 
   questioned 
-  Magnetoelectric coupling  
   not fully characterized 
  

Hexaferrites 
 
Sr3Co2Fe24O41 

Cycloidal spiral    
            < 400 [108] 
 

              < 670 [93]     ≈  0.001 
 
(under 0.2T 
at RT) [93] 

-  Large magnetization 
-  High magnetic ordering  
   temperatures 
-  Magnetoelectric  
    coupling 

 
-  Structural complexity 
-  Magnetic order no fully 
   characterized 
-  Polarization very small,    
   and only under magnetic  
   field 
 

Layered perovskites 
 
YBa1-xSrxCuFeO5 

Cycloidal spiral  < 400 (potential) 
<230 (reported) 

[104] 

             < 400 [100]        ≈0.6[104] -  Very simple crystal structure 
-  High, easily tunable spiral 
   ordering temperature 
- Theoretical model  
   available for property  
   improvement 

 
-   Antiferromagnetic 
-   Ferroelectric properties  
    and magnetoelectric 
    coupling not fully  
    characterized 
-   Polarization small 
 

Future trends in single-phase multiferroics 
 
To date, the most successful mechanisms towards RT multiferroicity in bulk materials have been 
i) the insertion of magnetic ions in RT strong ferroelectrics, and ii) the stabilization of magnetic 
cycloids at RT using magnetic fields, chemical substitutions and/or or chemical disorder. 
Examples of the first mechanism are BiFeO3 – to date the only single phase multiferroic seriously 
considered for applications – and the Aurivilius phases, whereas hexaferrites and Cu-Fe layered 
perovskites are examples of the second. Although none of these mechanisms has produced yet 
an ideal RT bulk multiferroic (see Table II) the different material candidates have still room for 
improvement. However, this will not happen in the near future without substantial efforts in bulk 
material’s synthesis, characterization and modeling. The new possibilities for electric and 
magnetic domain imaging, summarized in two recent reviews [63, 109] may contribute to these 
efforts, hopefully helping to transfer the most promising materials and phenomena to thin films. 



In parallel, it is important to pursue the investigation of other multiferroic mechanisms (such as 
charge order), and to check experimentally novel theoretical predictions [60,62]. 
 
2.2. Inorganic multiferroic composites 
 
ME multiferroic composites comprising inorganic ferroelectric and magnetic phases that 
indirectly couple through engineered interfaces have been studied intensively for several 
decades. The abundance of materials exhibiting robust electric or magnetic order parameters at 
room temperature offers flexibility in the optimization of coupling strengths, the design and 
fabrication of practical devices, and the tailoring of material properties for new application areas. 
In ME composites, interface coupling produces two attractive product properties; magnetic-field-
to-voltage conversion and electric-field control of magnetism.  
 
Magnetic-field-to-voltage conversion  
 
Initial works on multiferroic composites focused mainly on the engineering of ME voltage 
coefficients (αE = dE/dH) in bulk samples. ME coupling in bulk composites is based on strain 
mediation between phase-separated magnetostrictive and piezoelectric effects. Besides 
appropriate material selection, the phase connectivity, interface integrity, and electrical 
resistance of the composite greatly influence the coupling strength. In bulk form, 0-3 particulate 
composites and 2-2 laminates have been studied extensively (see Fig. 4). Particulate composites 
consisting of microscale mixtures of perovskite ferroelectrics (BaTiO3, PbTiO3, Pb(Zr,Ti)O3) and 
ferrites (CoFe2O4, NiFe2O4, and others) exhibit αE values in the range 1 – 500 mV cm-1 Oe-1 at low 
frequency [110-118], while larger effects are induced at mechanical resonance [119-122]. 
Leakage through the (semi)conducting ferrite phase limits the ME coefficient in particulate 
composites. While strategies are available to partly overcome this detriment (e.g. by the 
dispersion of core-shell particles [123-126]), the largest upturns in ME coupling strength have 
been realized by the layering of ferroelectric and magnetic components into 2-2 bulk laminates. 
Ceramic laminates made of the same perovskite ferroelectrics and ferrites typically exhibit one 
order of magnitude larger αE values compared to their particulate counterpart [127-129]. The 
largest ME coupling coefficients (αE > 5 V cm-1 Oe-1) are attained in laminates comprising 
ferromagnetic metals such as Terfenol-D (Tb1-xDyxFe2 alloys with giant magnetostriction) [130-
132] or Metglas (amorphous Fe-based alloys with high magnetic permeability) [132, 133]. Co-
sintering and adhesive bonding are popular methods for the fabrication of ceramic and alloy-
based laminates. Following advances in thin-film growth techniques, the development of various 
multiferroic nanocomposites took off about 15 years ago. Nanocomposites fabricated by physical 
deposition or chemical solution processing offer improved control over the interface structure 
and lattice strain. Vertically aligned 1-3 nanocomposites (VANs) in which 1D magnetic spinel 
nanopillars (CoFe2O4, NiFe2O4, MgFe2O4, and others) are embedded in a ferroelectric perovskite 
matrix (BaTiO3, PbTiO3, BiFeO3) and 2-2 bilayers or multilayers have been studied most. VANs are 
often prepared by self-assembly during simultaneous deposition of two immiscible magnetic and 
ferroelectric compounds [134, 135]. Because of the large vertical interface area between the two 
phases and limited clamping by the substrate, VANs are predicted to exhibit large ME coupling 
coefficients [136-139]. Yet, leakage currents through the conducting spinel pillars restrict the 



experimentally derived values to αE = 10 – 200 mV cm-1 Oe-1 [140-142]. In recent years, studies 
on multiferroic VANs have focused on the templating of nanopillars into ordered arrays and the 
integration of VANs with silicon [143]. ME coupling effects in bilayers or multilayers are restricted 
by substrate clamping. Despite this limitation, thin-film composites such as 
AlN/(Fe90Co10)78Si12B10 [144] and BaTiO3/CoFe/ BaTiO3 [145] have been shown to exhibit ME 
coefficients up to 5 V cm-1 Oe-1 at low frequency and several hundred V cm-1 Oe-1 at the 
mechanical resonance frequency.          
Research on ME composites with optimized ME voltage coefficients is mature and more details 
on materials, composite structures, fabrication methods, etcetera, can be found in other reviews 
[11, 16-18, 20, 146-153]. In the last decade, the field has gravitated towards the implementation 
of practical devices. Applications of magnetic-field-to-voltage conversion include magnetic field 
sensors [154], current sensors [155], and energy harvesters [156].   

 

 
Fig. 4. (a) Schematic illustration of magnetoelectric composite structures: bulk 0-3 particulates, 
bulk 2-2 laminates, vertically aligned 1-3 nanostructures (1-3 Nano), and 2-2 bilayers or 
multilayers grown on a substrate (2-2 nano). (b) Number of publications on magnetoelectric 
composites as a function of publishing year. (c) Number of publications on various applications 
of magnetic-field-to-voltage conversion in magnetoelectric composites. (d) Range of 
magnetoelectric coefficients reported for the different types of magnetoelectric composites. The 
data in (b) and (c) are extracted from the SCOPUS database.    
 
Electric-field control of magnetism  
 
Control of magnetism through the application of electric fields across multiferroic composites 
has been studied extensively during the last 15 years [7, 8, 18, 147, 150, 157, 158]. 
Macroscopically, the effect is quantified by the converse ME coefficient (α = μ0dM/dE). While 
coupling strengths have been reported for many inorganic material systems, comparisons are 
not straightforward because of differences in the underlying coupling mechanism and the 
plurality of magnetic parameters that change during actuation. Besides strain mediation, 
polarization switching in a ferroelectric layer can alter the properties of a thin magnetic film via 
electrostatic charge modulation or electronic hybridization at the interface. Exchange coupling 
between a single-phase antiferromagnetic multiferroic layer (e.g. BiFeO3) and a ferromagnetic 
film provides another attractive means for electric-field control of magnetism. Depending on the 
ME coupling mechanism and magnetic material, applying an electric field across a multiferroic 
composite can change the three magnetic energies, saturation magnetization (M), exchange 



interaction, and magnetic anisotropy (K), as well as other magnetic properties including the 
transition temperature (TC), exchange bias field (Hex), spin polarization (SP), magnetoresistance 
(MR), and ferromagnetic resonance (FMR) frequency. These wide-ranging effects are of 
technological importance for applications in magnetic memories, logic devices, and tunable 
microwave components. For information technology, low-energy dissipation is one of the key 
selling points of electric-field control of magnetism compared to current-driven devices based on 
spin-transfer or spin-orbit torques. From the perspective of energy usage, the induced change of 
magnetism per applied voltage rather than electric field is a more relevant figure-of-merit for the 
efficiency of ME coupling [8].  
 
A popular method for studying strain-mediated electric-field control of magnetism involves the 
growth of magnetic films onto piezoelectric or ferroelectric single-crystal substrates. The most 
used piezoelectric material is (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT), which is a relaxor 
ferroelectric with excellent electromechanical and piezoelectric properties for compositions near 
the morphotropic phase boundary (0.25 ≤ x ≤ 0.35) [159]. Transfer of piezostrain from PMN-PT 
has been utilized to tune the magnetic properties of manganites [160-162], ferrites [163-166], 
and metallic ferromagnets with in-plane [167-171] and perpendicular magnetic anisotropy [172, 
173]. PMN-PT crystals exhibit a butterfly-shaped voltage-strain curve that is single-valued at zero 
electric field. The response of a magnetic film grown on top of PMN-PT mimics the shape of the 
piezostrain curve [160]. To establish non-volatile magnetic switching for ME memory applications, 
symmetry-breaking mechanisms have been proposed and demonstrated. Among them are the 
use of competing magnetic anisotropies [174-176], partial poling of the piezoelectric layer [168, 
177, 178], structural phase transitions in PMN-PT [179], ferroelastic domain switching [180], and 
fast strain dynamics [181-183]. Strain transfer from PMN-PT (or PZT [163, 184-186] and PZN-PT 
[163, 174, 180]) substrates to magnetic oxides has been shown to modify the magnetization, 
transition temperature, magnetoresistance, magnetic anisotropy or FMR. Most studies involving 
ferromagnetic metals report the manipulation of magnetic anisotropy or related changes in FMR.      
  
Ferroelectric BaTiO3 substrates are another prominent choice for attaining strain-mediated 
electric-field control of magnetism. Contrary to PMN-PT and other piezoelectrics, BaTiO3 single 
crystals comprise regular 90° polarization domains at room temperature. The ferroelectric 
domains are therefore also ferroelastic. Local strain transfer during magnetic film growth on top 
of a BaTiO3 substrate has been shown to produce fully correlated ferromagnetic/ferroelectric 
stripe domains via inverse magnetostriction [188-191]. The strain-coupled magnetic domain 
patterns are characterized by a regular modulation of magnetic anisotropy and strong pinning of 
magnetic domain walls onto the ferroelectric domain boundaries. Applying an electric field across 
BaTiO3 abruptly switches the polarization or it gradually modifies the ferroelectric domain 
pattern via lateral domain wall motion. Strain-coupling translates these changes into alterations 
of magnetic anisotropy, the magnetic domain size, or the location of domain walls in the 
magnetic film. Electric-field control of magnetism based on ferroelastic strain transfer from 
BaTiO3 substrates has been demonstrated for several magnetic materials, including 
La0.67Sr0.33MnO3 [192], Fe [193-196], Ni [197-199], CoFe [188, 189], Fe3O4 [200], FeGa [201, 202], 
and FeRh [203, 204]. Most studies on these multiferroic composites report electric-field-induced 
changes of magnetization or magnetic anisotropy. In FeRh films, a strain-driven reversible 



transition between antiferromagnetic and ferromagnetic phases has been demonstrated just 
above room temperature. The strain that is transferred from a BaTiO3 substrate to a magnetic 
film is up to 1.1% at room temperature, which is one order of magnitude larger than the strains 
produced by piezoelectric crystals. Efficient strain transfers from ferroelastic domain switching 
in BaTiO3 can therefore be used to electrically manipulate relatively thick films, as demonstrated 
by full domain correlations in 150 nm CoFeB/BaTiO3 [191].  
 
While strain-mediated ME coupling between magnetic films or nanostructures and piezo- or 
ferroelectric substrates offers electric-field control of magnetic properties, strong magnetic 
responses in these composites require large voltages (20 – 500 V). For reversible effects at only 
a few volts and on-chip device integration, the substrates need to be replaced by thin-film piezo- 
or ferroelectrics. Growing oxide films onto a substrate is often not effective as clamping restricts 
the ME coupling in 2-2 nanocomposites. Despite this limitation, electrodes on top of relatively 
thick piezoelectric films have been used to control magnetism in patterned nanostructures via 
non-uniform in-plane strains [205]. Besides, patterning of micro- or nanostructures that contain 
both functional layers of the multiferroic composite provides a viable alternative. Multilayer 
growth through a porous anodic alumina template has been used to fabricate such 
heterostructures [206, 207]. 

 
Direct electric-field effects on magnetism have been explored mostly in gated structures with 
non-polar dielectric oxides. In such structures, screening of the electric field by spin-polarized 
charge carriers near the interface of a thin magnetic film alters the magnetic moment or magnetic 
anisotropy. A similar phenomenon is obtained when an electric field switches the perpendicular 
polarization in a ferromagnetic/ferroelectric bilayer. The ME coupling coefficient is larger for 
ferroelectric oxides than non-polar oxides because of the proportionality between the screening-

charge density in the magnetic film and the dielectric constant of the gate oxide (r = 100 – 1000 
in ferroelectrics). Another polarization switching effect originates from electronic hybridization 
between 3d transition metal atoms at the interface. Both effects occur at the interface, which 
limits the thickness of magnetic films that an electric field can manipulate. First-principle 
calculations based on density functional theory indicate that the magnetic moment of Fe atoms 
at a Fe/BaTiO3 interface changes by about 5% due to a shift in the Fe-Ti bond length during 
ferroelectric polarization reversal [208]. Similar effects have been calculated for Co2MnSi/BaTiO3 
[209], Fe/PbTiO3 [210-212], Fe3O4/BaTiO3 [213], and Co/PbZrxTi1-xO3 [214]. Electric-field effects 
based on charge modulation are particularly prominent in perovskite manganites due to strong 
lattice-spin-charge coupling. The accumulation or depletion of charge carriers near the interface 
of a manganite film changes the hole doping concentration, a parameter that is normally 
controlled by substitution of La ions of the LaMnO3 parent compound with alkaline earth ions. As 
a result, polarization reversal in an adjacent ferroelectric film can change the magnetic and 
electronic ground state of manganites when the material is positioned near one of its phase 
transitions. Electrostatic control of manganite films has been demonstrated by theoretical 
calculations and experiments on multiferroic bilayers, most notably La1-xAxMnO3/BaTiO3 (A = Sr, 
Ca, or Ba) [215-218] and La1-xAxMnO3/PbZrxTi1-xO3 [219-223] with A = Sr, Ca, or Ba. Besides effects 
on magnetization, magnetic anisotropy, magnetoresistance, ordering temperature, and 
magnetic phase transitions, ferroelectric switching at a magnetic interface can also induce a 



change in spin polarization [224-227], an effect that could be exploited in multilevel storage 
devices utilizing magnetic tunnel junctions with ferroelectric barriers [228].  

  
Many single-phase multiferroic materials are antiferromagnetic (Section 2.1). Intrinsic coupling 
between the ferroelectric polarization and the antiferromagnetic spin lattice in such materials 
can therefore be utilized to electrically control the exchange bias interaction with a 
ferromagnetic film. Multiferroic materials that have been explored for studies on exchange bias 
include YMnO3 [229], LuMnO3 [230], and BiFeO3 [73, 231-235]. Room temperature exchange 
coupling effects have been obtained with BiFeO3, which exhibits a Néel temperature of 643 K. 
The origin of exchange bias in ferromagnetic films on BiFeO3 depends on the type of ferroelectric 
domain walls. If the domains are predominantly separated by 109° walls, the exchange bias field 
is inversely proportional to the ferroelectric domain size [231, 232]. For 71° walls, no shift in the 
hysteresis loop is measured [231, 235]. In this case, exchange interactions between the 
ferromagnetic film and BiFeO3 result in an enhancement of the coercive field, which is explained 
by direct coupling to the canted moment of BiFeO3 domains. The orientation of the canted 
moment in BiFeO3 is strongly linked to the direction of ferroelectric polarization. Consequently, 
rotation of the polarization produces a lateral modulation of magnetic anisotropy in the 
ferromagnetic film. This effect can lead to ferroelectric/ferromagnetic domain correlations, 
which form a strong basis for electric-field controlled magnetic switching in exchange-coupled 
systems [73, 233, 235]. A detailed review of electric-field control of magnetism using BiFeO3-
based heterostructures can be found elsewhere [236]. An overview of popular inorganic 
multiferroic composites for electric-field control of magnetism and their properties is given in 
Table III. 
 
Table III. Overview of popular multiferroic composite systems, their properties, and functions.  
 

Ferro- or 

piezoelectric 

material 

Magnetic 

material 

Magnetic 

parameters 

controlled by 

E-field  

tFM (nm) ∆V (V) α (s m-1) 

E-field 

controlled  

functions 

PMN-PT, 

PZN-PT, PZT 

substrate 

 

La1-xSrxMnO3, 

La1-xCa0.3MnO3 
M, Tc, MR, K 

1-50 20-500 

6 x 10-8 [153] 

3.4 x 10-8 [154] 
- Magnetic 

switching 

- Motion of 

domain walls, 

vortices, 

skyrmions 

- FMR  

- Propagating 

spin waves 

 

Fe3O4, CoFe2O4 M, K, FMR 
1.1 x 10-7 [156] 

3.2 x 10-8 [157] 

Co, Ni, CoFe, 

CoFeB, FeGaB, 

Co/Pt 

K, FMR 

2.4 x 10-6 [160] 

8.0 x 10-6 [169] 

8.0 x 10-6 [170] 

2.0 x 10-6 [173] 

BaTiO3 

substrate 

La1-xSrxMnO3 M 

1-200 20-500 

2.3 x 10-7 [185] 

Fe3O4, CoFe2O4 M, K, FMR  



 
Electric-field control of magnetic switching, magnetic domain-wall or skyrmion motion, and 
magnetization dynamics are relevant for energy-efficient magnetic memories, logic devices, and 
tunable microwave components. Magnetic switching requires a change of magnetic anisotropy 
during voltage pulsing. In strain-coupled multiferroic composites, reversible 90° switching 
between two in-plane states or in-plane and perpendicular magnetization has been 
demonstrated for various material combinations. Because elastic energy is an even function of 
magnetization, technologically more attractive 180° switching requires an additional symmetry-
breaking magnetic energy. For instance, the concurrent application of magnetic field pulses has 
been shown to trigger 180° in-plane switching in ferromagnetic films on PMN-PT [174, 237] and 
full perpendicular magnetization reversal in Cu/Ni multilayers on BaTiO3 [199]. Other strategies 
involve the use of competing shape anisotropies [238-240], dipolar coupling to a nanomagnet 
[241], multiple electrodes [242, 243], strain-pulse-induced magnetization precession [181-183], 
and spin-orbit torques [244]. All-electric 180° magnetic switching has been demonstrated in an 
exchange-coupled Co0.9Fe0.1/BiFeO3 bilayer [74]. Two-step ferroelectric switching in the BiFeO3 
film, realized through strain-engineered growth onto a DyScO3(110) substrate, breaks the time-
reversal symmetry in this thin-film heterostructure. In recent years, magnetic switching based on 
exchange coupling between a single-phase multiferroic film and a magnetic spin-valve has been 
developed for ME spin-orbit logic [75].       
 
ME control over the motion of magnetic domain walls has been studied in various composite 
multiferroic heterostructures. For instance, strain-mediated changes in magnetic anisotropy 
have been shown to alter the pinning strength and motion of magnetic-field or current-driven 
magnetic domain walls in Co/Cu/CoFeB and GaMnAsP on top of PZT [245, 246]. Pure electric-
field-driven reversible magnetic domain wall motion has been realized in Fe/BaTiO3 and 
[Cu/Ni]N/Cu/BaTiO3 by pinning magnetic domain walls onto mobile ferroelectric domain 
boundaries [247, 248]. Further reports on strain-mediated effects include electric-field controlled 
motion of magnetic domain walls around the circumference of magnetic ring structures on PMN-
PT [249, 250] and electric-field tuning of the chirality of magnetic vortex walls in Ni/PMN-PT [159]. 
Other non-collinear spin structures such as vortices have been manipulated by electric fields in 
Ni nanodisks on PMN-PT [252, 253]. Particularly interesting is the prospect of electric-field 
control of topologically protected magnetic skyrmions which, because of their small size and 

Fe, Ni, CoFe, 

CoFeB, FeGa 
K, FMR 6.0 x 10-7 [192] 

FeRh M 1.4 x 10-6 [196] 

BaTiO3, 

PbTiO3, 

PbZrxTi1-xO3 

La1-xSrxMnO3, 

La1-xCa0.3MnO3 
M, Tc, MR, K <10 

1-10 

8.0 x 10-10 [215] 

6.2 x 10-9 [216] 

- Magnetic 

switching 

- Spin 

polarization  Fe, Co M, K, SP <3 (M, K)  

BiFeO3 

La1-xSrxMnO3 K, Hex 

<10 1-10 

 - Magnetic 

switching 

- FMR CoFe K, FMR, Hex  1.0 x 10-7 [67] 



stability, are a promising candidate as information carrier in future spintronics devices. 
Micromagnetic simulations indicate that strain transfer between a piezoelectric layer and a thin 
ferromagnetic film with perpendicular magnetic anisotropy and interfacial Dzyaloshinskii-Moriya 
interaction facilitates electric-field-controlled nucleation and motion of magnetic skyrmions [254, 
255]. Experimental demonstrations of these phenomena are expected in the foreseeable future.    
 
Tuning of magnetization dynamics in ME composites focused initially on uniform FMR excitations. 
Giant shifts of the FMR frequency by fields up to 750 Oe or several GHz have been demonstrated 
in several inorganic strain-coupled bilayers, including FeGaB/PZN-PT [256], Fe3O4/PZN-PT [163], 
and CoFeB/PMN-PT [174]. Electric-field manipulation of FMR has been achieved also through 
exchange coupling in CoFeB/BiFeO3, but with smaller variations in the resonance field [257]. Low-
power manipulation of propagating spin waves by electric fields is of interest to ultrafast beyond-
CMOS parallel computing [258]. All-electrical emission of propagating spin waves by local ac-field 
actuation of a PMN-PT substrate with a patterned Ni/NiFe waveguide on top has been reported 
in Ref. 259. Other magnonic functionalities exploiting local piezostrain transfer include active 
manipulation of spin-wave transport in a ferromagnetic metal film with a PMN-PT gate [260] and 
reconfigurable spin-wave routing in coupled yttrium iron garnet stripes underneath a PZT layer 
[261]. Coupling of a magnetic film to the ferroelastic domains of BaTiO3 opens additional 
opportunities. Pinned magnetic domain walls and magnetic anisotropy boundaries in this 
multiferroic composite can be used as tunable source of short-wavelength spin waves [262, 263], 
while switching of the magnetic domain wall structure allows spin-wave signals to be turned on 
and off reversibly [264].    
 
Future trends in inorganic multiferroic composites 
 Inorganic multiferroic composites operating at room temperature and above have been 
exploited successfully in various ME devices, including mechanical antennas, magnetic field and 
current sensors, voltage tunable inductors and filters, energy harvesters, isolators, and gyrators 
(see Section 3). The ability to tailor the ME coupling strength through material selection, interface 
engineering, or changes in phase connectivity provides flexibility in the design of ME systems 
utilizing magnetic-field-to-voltage conversions or electric-field tunable magnetic effects. 
Information technology is another potential application area of multiferroic composites. Memory 
and logic devices both require fast operation on the nanoscale, which poses a future challenge 
for magnetoelectrics. While several device concepts have been proposed during the last decade, 
the first realization of ME spin-orbit logic was reported by Intel only recently [68]. Further 
advances in this direction are expected in the coming years. The integration of ME components 
in scalable information technology requires further material and nano-structuring development. 
For instance, electric-field controlled multiferroic composites need to be scaled down to limit the 
device footprint and operation voltage. This is particularly arduous for thin-film systems relying 
on strain transfer, as substrate clamping limits the ME coupling strength. Patterning of both 
ferroic phases may mitigate this restriction. Downscaling of the piezo- or ferroelectric layer 
thickness raises additional questions about the engineering of suitable domain patterns, leakage, 
and issues related to voltage breakdown and fatigue. Experimental techniques revealing the 
atomic-scale mechanisms underlying ME coupling in multiferroic composites, such as in situ 
transmission electron microscopy, could provide valuable insights on how to improve the 



performance and endurance of inorganic multiferroic nanocomposites. Material and processing 
compatibility with industrial fabrication standards is another important requirement for the 
realization of ME-based information technology. The development of lead-free room 
temperature piezo- and ferroelectric thin films and the growth of epitaxial ME composites onto 
silicon will aid the ongoing efforts towards sustainable device fabrication.                      
 
2.3. Multiferroic magnetoelectric polymers 
 
The ME effect, proposed by Pierre Curie in 1894 [1], establishes a relation between magnetic and 
electric properties of matter, promoting the magnetically induced variation of electrical 
polarization and/or the electrically induced variation of the magnetization. Thereafter in 1960, 
Dzyaloshinskii [265] (by symmetry considerations) envisioned this effect that was subsequently 
experimentally proven by Astrov [2,266]. In 1966, Ascher and Schmidt (Battelle Institute, Geneva, 
Switzerland) and Newnham (Pennsylvania State University, Philadelphia, USA) discovered a high 
number of boracites [267] and phosphates [268] that exhibited important ME properties. After 
two decades of intense experimental and theoretical work, the state of the art and research on 
such single-phase MEs reached a saturation, mainly based on the restricted number of 
compounds displaying it, the low-temperature needed for the coupling to occur,  the difficulties 
in developing useful applications, and by the limited understanding of the microscopic sources 
of the ME behaviour [13]. 
 
At the beginning of the new millennium the main issues of single-phase ME materials have been 
solved by the development of two-phase composite multiferroics, that consist on a piezoelectric 
phase and a magnetostrictive phase [16].  In such composites, the ME effect  arises from the 
interaction of the elastic components of the piezoelectric and magnetostrictive constituents: i) 
an applied electric field induces strain in the piezoelectric phase; ii) such strain is transmitted to 
the magnetostrictive phase; iii) the strain leads to magnetic variations in the magnetostrictive 
material. Thus, the ME effect is high if the coupling at the interface is effective; consequently, 
composites with large surface area (such as multi-layered films or nanocomposites) and strongly 
ferroelastic elements are particularly being implemented [12]. The reported ME coefficients 
defined as [16]: 

 
 

𝛼𝑖𝑗 =
∆𝑉

𝑡. 𝐻𝐴𝐶
 

 

(1) 

where ∆V is the voltage generated on the piezoelectric material, t is the thickness of the 
piezoelectric material, HAC the magnitude of the applied AC magnetic field and i and j the 
direction of the voltage measurement and applied HAC, respectively, were three orders of 
magnitude higher than the ones observed in single-phase ME materials (some mV.cm-1.Oe-1). 
 
In this context, polymer‐based ME composites are particularly interesting due to their simple 
processability, flexibility, moldability, high electrical resistivity, improved mechanical properties 



and suitability for implementation in the Industry 4.0 and the Internet of Things (IoT) paradigms 
[269-273].  

 
Materials 
 
Two main types of ME polymer‐based composites have been mainly developed: nanocomposites 
and laminated composites [270]. In (0–3) particulated nanocomposites, a high concentration of 
magnetic particles is dispersed into the selected piezopolymer matrix [274, 275]. The 
characteristics of the resulting composite can be optimized by selecting the phase types, the 
nanoparticle size, and the processing parameters. Otherwise, in (2–2) laminated composites, the 
piezoelectric and magnetostrictive components are typically linked with a coupling agent such as 
an epoxy and results on a larger ME performance (3 orders of magnitude higher than in 
nanocomposites) [276-278]. On the other hand, these laminated composites may have potential 
segregation and leakage current problems [269,271]. Such laminated composited can be 
arranged in different forms and geometries, including discs, squares, rectangles, and rings, with 
different sizes [279, 280].  
 
Figure 5 summarizes the most used materials for the development of ME polymer‐based 
composites. 

 
Fig. 5. Most used piezoelectric and magnetostrictive materials for the development of polymer-
based ME composites: nanocomposites and laminated composites. Source: SCOPUS database 
(accessed on 25/11/2020).  



 
Due to their highest dielectric constant and electroactive response, including piezoelectric 
(|d33|≈30 pc.N-1)  and ferroelectric effects [281], poly(vinylidene fluoride), PVDF, and its 
copolymers are the polymers preferentially used both in nanocomposites (representing ≈77% of 
the total) and laminated composites (representing ≈80% of the total). Concerning the 
magnetostrictive element, ferrites such as CoFe2O4, Ni0.5Zn0.5Fe2O4 or NiFe2O4 are responsible for 
≈70% of the studies regarding nanocomposites and Metglas appears on ≈32% of the laminated-
based reports. Those facts are explained by the tailorable magnetic hysteresis, coercivity and 
high magnetostrictive coefficients (up to some dozens of ppms) of ferrites [280, 282] and by the 
high magnetic permeability, piezomagnetic coefficient (2ppm.Oe-1) and stiffness of Metglas [283, 
284].   
  
Such materials have offered optimized features that triggered new applications with easy 
production at low temperatures and additive manufacturing capability [285, 286] (inkjet printing, 
screen printing, and spray-printing, among others), adjusted mechanical properties for flexible 
devices, large area devices, and biocompatible applications [279]. This will be discussed in the 
next chapter.  
 
As mentioned in the introduction, one decade ago polymer-based ME materials emerged as a 
possible solution to solve the main problems related to single-phase multiferroic materials and 
quickly revealed strong potential applicability in the areas of sensors, actuators, energy 
harvesting, memories and biomedical materials. 
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Fig. 6. Maximum ME coefficient in ME polymer composites over time (a) and the number of 
publications (b) on polymer-based ME materials along the years. Distribution of the application-
oriented papers among the different applications (c) and as a function of the publishing year. 
Source: SCOPUS database (accessed on 25/11/2020).  
 
While ME coefficients up to some mV.cm-1.Oe-1 were reported on single-phase ME materials in 
the last decade of the previous millennium, work on polymer-based ME materials increased this 
value by almost 1 million times (see Fig. 6(a)), being reported the highest ME coupling (850 V.cm-

1.Oe-1) in 2014 for a polyvinylidenefluoride-co-trifluoroethylene-P(VDF-TrFE)/Metglas laminate 
[287].  Such highest ME response obtained on polymer-based materials was reported for the area 
of magnetic sensing, whereas for energy harvesting, the highest ME coefficient that has been 
implemented has been 250 V cm−1 Oe−1 [283]. Magnetic sensors are in fact the most popular 
application of polymer-based ME materials, representing 30% of all presented applications (Fig. 
6(b)). ME polymeric composites developed for data memories, actuators and biomedical 
engineering exhibit an intermediate ME coupling [270].  
 
When compared to alternative technologies, polymer-based ME materials display:  i) large 15 
kV.T-1 sensitivity as a result of the enhanced magnetic flux concentration effect [288] (a sensitivity 
of 0.005 kV.T−1 has been reported for Hall sensing devices [289]); ii) a 1 mm/T displacement 
actuation capability [290] (0.03 value has been reported for single crystal-based actuators 
[291]);iii) a power output (power/volume/HAC) of 3.3 mW.cm−3.Oe−1 [292] (3 mW.cm−3.Oe−1 has 
been the value reported on helical core magnetic harvesters [293]); and iv) 4 memory states (2 
can be found on traditional magnetic recording devices [294]). Regarding biomedical applications, 
polymer-based ME composites have attracted the attention for tissue engineering, drug delivery, 
surgical actuation, neural simulation, biomedical sensing, antennas for biomedical implants and 
energy harvesters for small biomedical devices [295-298] due to their  biocompatibility and 
sensing/actuation/harvesting performances [270, 279, 297].  
 
The increasing number of publications (Fig. 6(b)) and application-oriented publications (Fig. 6(d)) 
indicate that in the coming years new applications and application-trends should appear.   
 
Future trends in Multiferroic magnetoelectric polymers 
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In the future, the quest for increased ME coefficients as observed from 1995 to 2015 is expected 
to slow down once the voltage output of the reported materials is already enough for most of 
the applications explored and presented in in this article, being the only exception and for the 
obvious reasons, the ME energy harvesters, demanding substantial higher coupling.  
Due to environmental reasons and to the European green deal, the rational design of higher 
performance and environmental friendlier polymer-based ME materials, having high ME coupling, 
low leakage currents, and high remanent magnetization/coercivity should have high priority. 
The exploration of new ME couplings resulting from magnetic skyrmions, polar vortices, ionic 
composites, among others, could open new application avenues such as ME gels, magnetic 
batteries, radio frequency switches, resonators, magnetoactive flexible displays, soft haptic ME 
devices and magnetically controlled millimetre-scale robotics. 
 
Cross effects with additional stimulus (optical, acoustic and thermal) will enable monitoring and 
real time optimization and autonomy associated with Internet of Things (IoT) and industry 4.0, 
by the introduction of self-powered sensors and actuators for on-time sensing, monitoring and 
response, enabling at the same time energy harvesting from the surrounding environments. 
Regarding the development of modern magnetoactive electronics, ensuring the magnetic, 
electrical and thermal stability at the 10-nm length scale is one of the most important 
requirements that will rely on advanced characterization tools in order to study the ME coupling 
at the nanometer and atomic length-scales. The successful implementation of ME devices will be 
strongly related with the joint vision/work between electronics (signal processing and 
integration), processing techniques (additive manufacturing and scale-up) and materials 
engineering (magnetostrictive, piezoelectric and mechanical optimization). 
In the last 20 years extensive progress has been achieved in the area of ME materials based on 
different kinds of ME structures. Such optimized performance was greatly benefited from the 
optimized piezomagnetic/magnetostrictive coefficients of the magnetostrictive materials, which 
lead to a strong ME coupling. From a scientific point of view, little has been achieved on the 
optimization of the piezoelectric response of the polymer matrices: novel approaches to improve 
the piezoelectric properties and interface coupling with the magnetic component of polymer-
based ME materials is thus one of the biggest challenge in the field. 
With all this scenario it is highly likely that no substantial increase of the ME coefficient should 
be reported in the coming years, otherwise the “so far linear” increase observed in the number 
of  publications and applications regarding ME materials should follow one of two paths: i) 
stagnate, if the electronic, processing, materials engineering and industries “worlds” do not 
synergistically reinforce each other with novel materials, applications and technologies; ii) 
further increase if the requirements of additive manufacturing, precise integration and 
adaptation to the paradigms of Green Deal, IoT and 4.0 revolution are timely fulfilled, staring 
tomorrow…. 
 
2.4. Surface-charged and magneto-ionic materials 
 
Besides single-phase and heterostructured multiferroic materials, other strategies have emerged 
during the last 25 years to tailor the magnetic properties of materials without the use of 
piezoelectricity or ferroelectricity. Indeed, more than two decades ago, various studies showed 



the possibility to control the magnetic properties of diluted magnetic semiconductors at low 
temperature directly with voltage, without strain-coupling effects. Accumulated electric charges 
can induce changes in the carrier density of these semiconductors (donors or holes) and, as a 
result, the exchange interactions responsible for ferromagnetism become modified [299, 300]. 
Changes in Curie temperature (TC), coercivity (HC), saturation magnetization (MS) or magnetic 
easy axis were reported in these materials under the action of electric field. Some years later, in 
2007, Weisheit et al. demonstrated that voltage could also be used to tune the coercivity of ultra-
thin magnetic metallic films [301-303]. The influence of electric charging on the magnetic 
properties of thin films, multilayers and nanostructures has been extensively reviewed from a 
theoretical viewpoint by Brovko et al. [304]. Song et al. have reviewed the general mechanisms 
responsible for voltage control of magnetism [7]. In turn, Leistner et al. [305], Molinari et al. [8] 
and Navarro-Senent et al. [9], has also revised the main results concerning electrolyte-gating of 
magnetic materials. Since electric field in metals is effectively screened at the surface (within the 
Thomas-Fermi length, which is about 0.5 nm), such effects required of film thicknesses of the 
order of 2-3 nm. Not only electrostatic charges can alter the wave function and the occupancy of 
the d orbitals of metallic alloys, but electric field screening depends also on the orientation of the 
spin. Thus, such electric charging can indeed be an effective procedure to tune anisotropy and 
coercivity in semiconductors and metals, eventually reducing the energy required for the writing 
of magnetic information. Remarkably, although the most drastic effects occur at the very outer 
surface of the alloy, the induced magnetic changes can propagate within the exchange 
correlation length, which can be up to 20 nm. Inspired by these seminal works on electric surface 
charging, several works have reported lately on the possibility to tailor the magnetic properties 
of nanoporous alloys directly with voltage, taking advantages of their high surface area-to-
volume ratio [9]. Drastic effects have been demonstrated in relatively thick (few hundred nm) 
nanoporous metallic films (e.g., Cu-Ni [299], Co-Pt [307], Fe-Cu [308]) with ultra-narrow pore 
walls (~ 5 nm), prepared by electrodeposition procedures using suitable surfactants or colloidal 
templated substrates. This way of modifying magnetism can overcome some of the problems of 
heterostructured multiferroics, such as the limited available strains when 
ferroelectric/ferromagnetic bilayers are deposited onto rigid substrates or the need of epitaxy 
and perfect interfaces for efficient transfer of strain. Note, however, that this procedure (electric 
surface charging) only allows for converse ME effects, not direct, since it does not allow 
generating electricity using alternating magnetic fields.  
 
Besides strain and electric surface charging, applied electric fields can also induce changes in the 
oxidation state of magnetic metallic alloys or semiconductors (i.e., reduction/oxidation reactions 
or ion migration), particularly when they are immersed in liquid electrolytes or grown adjacent 
to ionically conducting buffer layers (solid electrolytes) [8, 9, 309-320]. Electric-field-induced 
oxygen motion in magnetic materials has recently revolutionized voltage control of magnetism 
since this mechanism may allow for an unprecedented modulation of magnetic properties (MS, 
HC) in either permanent or temporary ways (if effects are reversible upon application of voltage 
of opposite polarity) [311, 314, 318, 321-323]. Various terminologies have been used to designate 
magnetic effects arising from voltage-driven ion migration in magnetic materials, such as 
electrochemical, ion exchange, redox or magneto-ionic effects, although the latter term had been 
traditionally used to describe the propagation of electromagnetic waves by an ionized medium 



under an external magnetic field (e.g., combined effect of the Earth's magnetic field and 
atmospheric ionization). Magneto-ionics has been carried out by immersing metallic films and 
nanoporous metallic alloys in aqueous electrolytes [309,324,325]. Subsequent works also 
showed the possibility to modify the magnetic properties of metal/metal oxide nanocomposites 
[310, 326] or transition metal oxide materials (e.g., Fe2O3, Co3O4) with voltage when immersing 
them either in aqueous [312] or aprotic polar electrolytes [311, 318, 327-329], in all cases assisted 
by redox reactions or O2– ion motion. A schematic drawing, depicting magneto-ionic effects in 
FeOx nanoporous layers, when immersed in a polar electrolyte, is shown in Fig. 7. The properties 
of FM or ferrimagnetic oxides have also been tuned by voltage-driven lithiation (Li+ incorporation 
using suitable electrolytes) [330-333]. Recent works have also reported magneto-ionic effects 
arising from fluor [334] or nitrogen [319] ion migration. Nitrogen magneto-ionics offers some 
advantages with respect to oxygen magneto-ionics in terms of operation speed, threshold 
voltages to induce the ME effects and improved cyclability [319].  
 
Magneto-ionics can be relevant beyond the outer surface of alloys, hence extending throughout 
the bulk of materials [315]. Magneto-ionics envisages writing energies in magnetic bits of the 
order of 10–3 fJ/bit = 1 aJ/bit [314, 335], which is two orders of magnitude lower than those 

required in complementary metal oxide semiconductor (CMOS) technology (10–1 fJ/bit). In solid 
state, magneto-ionic systems usually comprise multilayer heterostructures in a capacitor-like 
configuration. Ferromagnetic metals, such as Co or Fe, are the target materials grown adjacent 
to solid electrolytes, such as GdOx

 or HfO2, which act as ion reservoirs, accepting or donating 
oxygen ions depending on the gating polarity [317]. Magneto-ionic effects have been also 
observed in nanoporous composites comprising a magnetic porous framework with the pore 
walls coated by ionic conductors (e.g., HfOx) by atomic layer deposition [336,337]. Importantly, 
one of the drawbacks of electrochemical processes is that the effects are not induced 
instantaneously (until today, the dynamics is relatively slow, particularly at room temperature, 
where times of the order of several seconds or minutes are typically required). This is hampering 
the utilization of magneto-ionics in high-speed memory applications and spintronics, although 
some authors argue the so-far attained switching speeds could be suitable for neuromorphic 
computing. The slow dynamics is due to the pronounced structural and compositional changes 
that the pristine ferromagnetic layers suffer during voltage application, also leading to 
irreversibility and, often, limited cyclability. 
 
Recently, via a proton-based (hydrogen ions) approach, better endurance and 10–3 s room 
temperature operation has been shown feasible [321]. Electrochemical hydrogenation of metallic 
alloys takes place via voltage-controlled reduction of H+ to atomic H and subsequent H absorption 
at the surface of the metal. Hydrogen atoms can diffuse via interstitial sites at high mobility rates 
(due to their small size), rendering hydrogen-mediated magneto-ionics a very promising 
approach to circumvent the limited operation speed and cyclability of oxygen magneto-ionics. 
Hydrogen magneto-ionics have been demonstrated both in solid and liquid [305, 320, 321, 338-
344] electrolyte configurations. In solid state, Tan et al. [321] showed a voltage-induced spin 
reorientation in Au/GdOx/Co(0.9 nm)/Pt stacks assisted by humid environment, with endurance 
of up to 2000 cycles, wherein hydrogen accumulation at the GdOx/Co interface caused a 
modification of the interface magnetic anisotropy. Using liquid aqueous electrolyte configuration, 



Maroun et al. demonstrated a reversible increase and decrease of perpendicular coercivity in 
Pd/Co/Au multilayer stacks arising from hydrogenation of the Pd layer [338]. A transition from 
superparamagnetic to ferromagnetic behavior [18] was demonstrated in nanoporous Pd(Co) 
assisted by a Ruderman–Kittel–Kasuya–Yosida-type interaction in the Pd matrix, also due to 
electrochemical H+ reduction to H and subsequent H absorption in this material [342]. Hydrogen-

based magneto-ionics was also shown in SrCoO3- [343] and NiCo2O4 films [344]. Remarkably, 
hydrogen insertion using aqueous electrolytes has been achieved in SmCo5 and Sm2Co17 hard 
magnets, where changes in HC above 1 T have been reported [339, 340]. Finally, hydrogen 
exposure of ultrathin Fe films has been recently reported to be a suitable strategy to induce 
skyrmions  in this material [341]. 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Illustration of magneto-ionic effect in the porous FeOx films subject to negative voltage 
polarity. Adapted from Ref. 327. 
 
Future trends in surface-charged and magneto-ionic materials 
 
Table IV reports on the recent progress achieved in tuning of MS and HC using magneto-ionic 
phenomena in a large variety of metallic alloys and oxide materials. In spite of the recent progress, 
there are still some challenges to be faced in the future, both for surface charging and magneto-
ionics. Voltage-driven modulation in magnetic semiconductors is still rather limited to low 
temperatures mainly due to the scarcity of room-temperature magnetic semiconductors. 
Efficient surface charging in metals is limited to very thin films and nanoporous alloys. However, 



integration of porous alloys in spintronics is not straightforward (from the viewpoint of existing 
synthetic procedures) and it is detrimental in the current trends towards device miniaturization. 
Moreover, most studies are still performed in liquid electrolytes and extrapolation to all-solid 
configurations is sometimes difficult due to the occurrence of electric pinholes in the solid 
dielectric layers used to generate the electric field. The use of advanced atomic layer deposition 
techniques could overcome some of these problems. Concerning magneto-ionics, the currently 
available operation speeds are still too slow compared to other types of memories and existing 
materials often suffer from relatively poor endurance, where cyclability larger than 103 is rarely 
reported. The use of proton intercalation and other types of small ions can circumvent some of 
these issues, although there are still problems related to long-term ion retentivity. Structural 
defects-engineering to create large amounts of grain boundaries, along which ionic diffusion 
preferentially occurs, is another interesting approach to accelerate magneto-ionic rates. In this 
sense, combining ion irradiation or ion implantation with voltage-actuation could be a suitable 
strategy to boost magneto-ionics in the future.  
 
Table IV: Representative systems and changes in M and HC obtained using magneto-ionic effects. 
Also indicated are the types of electrolytes needed and the eventual reversibility. Adapted from 
Ref. 9. 
 

Material Electrolyte 
 Magnetic 

parameter 
Variation Reversibility Ref. 

Co/Ni/HfO2 films 

[Co/Ni]3/HfO2 films 
DEME-TFSI 

 MS ΔMS ≈ +70% Yes (~10 min) 

[345] 

 HC ΔHC ≈ 74 % Partially (~30 min) 

Co ultra-thin film  MaN2401  HC ΔHC ~ 68 % Yes (~30 min) [346] 

SrCoO3−δ, SrCoO2.5 

and HSrCoO2.5 films 
DEME-TFSI 

 

Phase 

transition 

FM insulator-FM 

metal-AFM 

insulator phase 

transition 

Yes (~ min) [343] 

Fe-Pt ultra-thin films 
LiPF6 in  

DMC/EC 

 
MS ΔMS ≈ 8 % Yes  [347] 

FePt/iron oxide 

composites 

LiPF6 in  

DMC/EC 

 MS 

 
ΔMS ≈ +4 % Yes  [348] 

γ-Fe2O3 nanoparticles 
LiPF6 in 

EC/DEC 

 
m Δm ≈ 20 Am2/kg Yes (~ h) [349] 

Nanoporous 

Co0.5Ni0.5Fe2O4 and 

CoFe2O4 films 

LiTFSI in 

EMIM-TFSI 

 

M ΔM ≈ 2.5–5 % Yes (~ min) [350] 



 
 
3. Magnetoelectric devices and systems 
 
3.1. Mechanical Antennas 
 
3.1.1. VLF Mechanical Antennas 
 
VLF antennas have unique advantages in underwater and underground communications due to 
the large electromagnetic wavelength and good penetration distance in dense media. Traditional 
VLF antennas, however, suffer from relatively large size and power consumption. Recently, 
mechanical resonators based on ME heterostructures have been utilized for compact and power-
efficient antennas. In these devices, the external applied voltage across the 
electrostrictive/piezoelectric material induces a deformation in this layer and transfers the strain 
into the magnetostrictive material through ME coupling. The energy minimization taking place in 
the magnetic material layer drives the magnetization in a periodic manner and generates a near-
field electromagnetic signal for communication along with the piezoelectric phase itself. 
 
In [26], a VLF communication system has been demonstrated based on a pair of ME 
heterostructures excited at their electromagnetic resonance (EMR) frequency. The structure and 
the image of devices are shown in Fig. 8(a) and (b), respectively. 3 layers of highly-
magnetostrictive Metglas laminates were bonded to a piece of PZT (piezoelectric material) fibers 

Nanoporous -

LiFe5O8 films 

LiTFSI in 

EMIM-TFSI 

 
M ΔM ≈ 4 % Yes (~ h) [351] 

Nanoscale α-Fe2O3-

based film 
LiPF6 in PC 

 
MS 

HC 

ΔMs ≈ 157.14 

emu/g 

ΔHC ≈ 134.4 Oe 

Yes  [330] 

Co3O4 film PC 
 Magnetic 

transition 
FM–PM transition Yes (1 h) [311] 

Co/GdOx ultra-thin 

films 
GdOx 

 
HC 

 Yes (10 s) [314] 

AlOx/GdOx/Co films  GdOx 
 

M 
–80 % (interface) 

–38 % (bulk) 

Partially  

(40 min) 
[315] 

Nanoporous Fe-Cu 

films 
PC 

 MS 

HC 

ΔMS = 20 % 

ΔHC = 100 % 

Partially  

(40 min) 
[352] 

CoN PC 
 Magnetic 

transition 
FM–PM transition Yes (~ min) [319] 

SmCo5/Sm2Co17 Aqueous 
 

HC ΔHC > 104 Oe  
[339] 

[340] 



with interdigital electrodes (IDE) on it. The bonding and compacting process was conducted in a 
vacuum bag, and the volume of a single device was 0.33 cm3. The ME transmitter and receiver 
were tuned by an external DC bias magnetic field of 750 µT to resonate at the same frequencies 
of 23.95 kHz. As shown in Fig. 8(c), the ME receiver was able to deliver an output voltage of 
215 µV with an AC magnetic field of 5.62 nT. After measuring the magnetic noise floor at the 
receiver output by a spectrum analyzer, a 92.3 dB signal-to-noise ratio was obtained; hence the 
receiver was calculated to have a magnetic signal minimum detected field (MDF) of 136 fT at 
EMR. Fig. 8(d) shows the magnetic signal detection measurement results given by a SR830 lock-in 
amplifier, and the measured MDF is 180 fT at EMR. The communication test was conducted with 
a driving voltage of 80 Vrms at 23.95 KHz. As shown in Fig. 8(e), the magnetic field generated by 
the ME transmitter was predicted by a combination of near-field electric dipole and magnetic 
dipole model, corresponding to the piezoelectric phase and magnetostrictive phase, respectively. 
It was shown that with a detectivity of 260 fT/Hz1/2, a communication distance of 120 m was 
achieved, and it was also predicted that a potential communication distance of 2.5~10 km could 
be achieved with a 100-elements antenna array, using the current receiver setup. The authors 
also showed a unique modulation scheme (direct antenna modulation, DAM) enabled by the non-
linear response of the devices. Fig. 8(f) indicates that, with a driven carrier signal at EMR 
frequency and a magnetic modulation signal at baseband frequency of 100 Hz, the antenna itself 
generated a frequency mixing tone in the spectrum, and a modulation signal to noise ratio (SNR) 
of 29 dB was achieved at 16 m communication distance. 

   
Fig. 8. (a). Schematic of the ME antenna. (b) Top view of a fabricated ME antenna prototype. (c). 
Output voltage spectrum of the ME Rx at EMR. (d) MDF measurement of the ME Rx at EMR. (e). 
Predicted and measured B field distribution along with distance. (f). ME Rx output voltage 
spectrum shows the received 100 Hz DAM signal with carrier signal at EMR. Reproduced with 
permission from C. Dong et al. IEEE Antennas and Wireless Propagation Letters, vol. 19, pp. 398-
402, 2020 [26]. Copyright [2020], IEEE. 



 
3.1.2 MEMS Mechanical Antennas 
 
Conventional antennas are directly driven by electric current or voltage; hence the antenna size 
is set to be at least one-tenth of the free space electromagnetic (EM) wavelength to maintain 
acceptable effective aperture and radiation efficiency for practical applications [353, 354]. Thus, 
miniaturization is a key challenge for conventional antennas at VHF and UHF. Aside from the 
conventional methods like shape and geometry optimization, high-contrast material loading, 
lumped components, metamaterial antennas, and so on, researchers have sought a new 
approach for antenna miniaturization, and the ME antenna based on mechanical vibration 
presents a potential solution due to the acoustic wavelength being shorter by five orders 
compared to EM waves at the same frequency [27].  A novel strain-intermediated ME antenna 
was theoretically reported by Yao et al. [355] and Domann et al. [356]. In these studies, a more 
efficient antenna radiation than conventional electric antennas at the first harmonic mode with 
a comparable antenna size was theoretically proven. By combining with microelectromechanical 
system (MEMS) technology, the first practical integrated ME antenna was designed and 
fabricated by Nan et al. in 2017 [25]. Based on the suspended MEMS resonator, the ME antenna 
features smaller dimensions by two orders than conventional antennas without performance 
degradation [25]. 
 
In [25], based on the vibration mode, the ME antennas can be categorized as a nano-plate 
resonator (NPR, with a laterally-vibrating mode) or a thin film bulk acoustic resonator (FBAR, with 
a vertically-vibrating mode) as shown in Fig. 9(a) and (g). For both vibration modes, mechanical 
strain intermediates between the ME composites, and magnetization rotation is the main 
radiation source. The radiation cycle is based on converse ME coupling, in which, the 
magnetization oscillation in the ferromagnetic layer is excited by the induced mechanical strain 
from the piezoelectric layer, resulting in EM wave radiation. In the receiving cycle, based on direct 
coupling, the magnetic field of the EM wave interacts with the ferromagnetic layer, and the strain 
generated by magnetostriction is transferred to the piezoelectric layer, leading to an ac output 
voltage. The resonance frequencies are set by the width of the ME heterostructure in NPR mode 

and its thickness in the FBAR mode, according to 𝑓0,𝑁𝑃𝑅 =
1

2𝑊
√

𝐸𝑒𝑞

𝜌𝑒𝑞
 and 𝑓0,𝐹𝐵𝐴𝑅 =

1

𝑇
√

𝐸𝑒𝑞

𝜌𝑒𝑞
, 

respectively, where W is the width of NPR resonator, T is the thickness of FBAR resonator, Eeq is 

the equivalent Young' modulus and eq is the equivalent density of the ME composite, 
respectively. For the NPR antenna, an RF coil was used to drive the antenna by generating an RF 
magnetic field at the resonating frequency of the NPR resonator as shown in Fig. 9(b). The 
induced output voltage is detected by a lock-in amplifier. The input admittance was measured 
and fitted into the modified Butterwoth-Van-Dyke model. Hence, the quality (Q)-factor of 930 
and the electromechanical coupling coefficient of 1.35% are achieved as shown in Fig. 9(c). In Fig. 

9(d), a peak induced voltage of 180 V is observed at resonance, from which a strong ME coupling 

with a coefficient of 6 kV/cmOe is calculated. For the FBAR antenna, a phase network analyzer 
(PNA) was used to measure the two-port S-parameters. A clear resonance peak was detected at 
2.53 GHz with a peak return loss (S22) of 10.3 dB as shown in Fig. 9(i). (The inset indicates the 
thickness resonance mode via a simulation of the displacement profile.) The transmission and 



reception behaviors are represented by the transmission coefficients (S12 and S21) in Fig. 9(j). The 
maximum antenna gain of -18 dBi is calculated by the gain-transfer method. Control devices using 
nonmagnetic materials in lieu of the ferromagnetic layer were also tested to confirm that the 
induced output voltage and radiation signal are based on ME coupling for both NPR and FBAR 
antennas, as shown in Fig. 9(f) and (l). The measurement results show that the nonmagnetic 
resonators have weak coupling and radiation that is two orders smaller in magnitude than the 
magnetic resonators.  
 
To further improve the radiation performance of FBAR antennas, solidly mounted resonator 
(SMR) antennas were introduced by Liang et al. in 2020 [357]. The SMR antenna is another FBAR 
antenna designed by fabricating the FBAR resonator on the top of a Bragg acoustic reflector. The 
Bragg reflector consists of several periods of low-acoustic-impedance and high-acoustic-
impedance thin film layers, leading to a high acoustic reflection coefficient. Hence, most of the 
mechanical vibration energy is reflected back into the resonator instead of being dissipated into 
the substrate, which translates to stronger ME coupling, higher radiation efficiency and higher 
antenna gain. A 10-dB gain enhancement was observed from the SMR antenna compared to the 
suspended FBAR antenna. Additionally, another benefit of SMR structure is the robust device 
structure. The whole SMR is fixed to the substrate through the Bragg reflector instead of relying 
on narrow anchors as in the suspended FBAR. Moreover, the inherent thin film stress is also 
released to the substrate for a flat thin film resonator, leading to more orderly magnetic domains, 
which also improves the radiation efficiency. 
 
With the antenna volume being smaller by orders of magnitude, ME antennas can be utilized in 
various applications. For example, a NanoNeuroRFID was designed by Zaeimbashi et al. in 2019 
[358], with an operating frequency of 27.55 MHz and a 140 dB lower path loss than conventional 
antennas with comparable size. By utilizing both the NPR and FBAR modes, one single ME 
antenna device can be used for energy harvesting and magnetic field sensing simultaneously 
[359]. The performance of this ME antenna is 1 to 2 orders of magnitude better than reported 
micro-coils and shows a low MDF of 470 pT. Moreover, ME antennas are good solutions for 
wireless implantable medical devices (IMDs). In [360], an ME antenna for the medical implantable 
communication system (MICS) frequency band was reported with a 1000 times smaller volume 
compared to state-of-the-art antennas. The small antenna volume benefits to the miniaturization 
of the whole device. Compared with conventional antennas, the resonance frequency of which 
is affected by the permittivity of the environment, the resonance frequency of ME antenna 
remains stable within different human tissues due to its acoustic resonance. 



 
Fig. 9. NPR antenna: (a) The SEM photo. (b) The measurement setup (c) The amplitude of input 
admittance and (d) the induced output voltage and calculated ME coefficient at resonance. (e) 
The amplitude of input impedance and (f) the induced output voltage of NPR control device. FBAR 
antenna:  (g) The SEM photo. (h) The measurement setup. (i) The return loss and (j) the radiating 
signal (S12) and receiving signal (S21) at resonance. (k) The return loss, (l) radiating and receiving 
signal of FBAR control device. Replotted with permission from T. Nan et al. Nature 
Communications, vol. 8, p. 296, 2017 [25]. Copyright [2017], Nature Research. 
 
3.2. Magnetic Sensors 



 
3.2.1 LF ME Sensors 
 
Magnetic field sensors have played a significant role in assisting mankind activities including 
navigation, current sensing, magnetic anomaly detection, mine localization, and biomagnetic 
measurement, etc. [361]. Different types of magnetometers have been developed during the 
past century, ranging from the simplest search coil to fluxgate, Hall-effect, magnetoresistance, 
giant magnetoimpedance, optical pumps, and the most sensitive superconducting quantum 
interference devices (SQUIDs), among others. Since the invention of multi-phase ME composites, 
which incorporate both piezoelectric and magnetostrictive components, strong ME coupling has 
been realized through strain mediation between the two phases [16]. Two-phase ME composites 
can yield giant ME coupling above room temperature, which enabled technological development 
for next-generation magnetic sensor applications. Over the last two decades, much effort has 
been focused on developing various type of ME composite-based magnetic sensors, as they are 
considered to be promising alternatives for conventional magnetic sensors such as Hall sensors, 
giant magnetoresistive devices, SQUIDs, etc. [154]. Owing to their simple structure, low power 
consumption, and room temperature operation, ME sensors have the potential to perform 
biomagnetic measurements in the field range of 1 to 100 pT at low frequencies. The practical 
usefulness of ME sensors is determined not only by the output signal in response to an incident 
magnetic field, but also by the detectivity, together with other important design considerations 
such as frequency response, dynamic range, linearity, power consumption and spatial resolution. 
 
The mechanism of operation in bulk ME sensors can be categorized into two groups: passive and 
active detection. Passive detection is based on the direct ME coupling effect, where an ME 
voltage output is directly generated by the piezoelectric layers due to the strain deformation 
induced from AC or DC magnetic fields [362]. For practical applications in detecting DC or quasi-
static magnetic fields, a charge amplifier is required in this scheme to enhance the SNR and 
confine the bandwidth between 0.1 to 20 Hz, as the flicker noise in the low frequency range is 
extremely high. Since 2008, Wang et al. [34] have developed multi-push-pull mode ME laminates 
consisting of a longitudinally poled piezoelectric PMN-PT single crystal and two symmetric 
longitudinally magnetized magnetostrictive Metglas layers, as shown in Fig. 10. The symmetric 
nature allows for optimized elastic coupling between consecutive layers. As a result, a large ME 
coefficient of 52 V/cm/Oe at 1 kHz (off-resonance) was obtained, as shown in Fig. 11(a). 
Combined with a low-noise charge amplifier, an extremely low detectivity of 5.1 pT/Hz1/2 was 
achieved at 1 Hz [132], as shown in Fig. 11(b). However, as the ME coefficient is directly 
proportional to the piezomagnetic coefficient, a DC bias magnetic field is required to optimize 
the sensor response, which introduces extra magnetic noise and increases the risk of interference 
between sensor arrays. Another drawback of the passive detection scheme is the susceptibility 
to disturbance from vibration sources, as the piezoelectric layer is sensitive to any induced 
deformations.  



 
Fig. 10. (a) Schematic diagram of a multi-push–pull configuration ME composite. (b) Exploded 
view photo of constituent components. (c) Cross-sectional view of the schematic of a multi-push–
pull ME composite. (d) Optical micrograph of a longitudinally poled push–pull element in the core 
composite. (e) Photograph of a multi-push–pull mode ME composite. (f) Fluctuations in low 
frequency noise and electromagnetic interference make decreasing the noise floor challenging. 
(g) Working principle of ME sensors in passive detection mode, illustrating that the acoustic and 
electromagnetic interference induced external noise is inevitable. (h) Working principle and 
prototype ME sensor in active detection mode, in which a modulation field with carrier frequency 
is applied to the sensor. (i) Output signals from passive and active sensors. Reprinted with 
permission from Y. Wang et al. Materials Today, 17 (6), 269-275, 2014 [34]. Copyright [2014], 
Elsevier. 
 
Since the noise level in the low frequency range is relatively high and ME sensors are sensitive to 
external vibrations, an active detection method based on the magnetic frequency conversion 
(MFC) has been introduced by Gillette et al. [363]. The principle of the MFC technique lies in the 
nonlinearity of the magnetostrictive layers, which have a quadratic response to AC magnetic field 
of small amplitude [364]. Given an applied alternating pumping magnetic field at the mechanical 
resonance (carrier frequency), a product term will be generated by the modulation of the 
pumping field and the signal field, which creates a frequency conversion effect [365]. By shifting 
the low frequency magnetic signals to the sideband of the carrier frequency, this active detection 
scheme offers the possibility to reject low-frequency environmental noise and can achieve 
resonance-enhanced sensitivity. Using the same multi-push-pull configuration and the 
Metglas/PMN-PT based ME sensor, Liu et al. have demonstrated extremely low MDF of 200 pT, 



150 pT, and 20 pT at 0.01 Hz, 0.1 Hz and 1 Hz, respectively [366], as shown in Fig. 11(c) and (d). 
Although the active detection scheme does not need a bias magnetic field and can effectively 
circumvent the flicker noise, an extra excitation coil and AC driving current is required, which 
increases the power consumption and additional noise from the modulation field.  

 
Fig. 11. (a) The ME voltage coefficient and ME charge coefficient of the passive ME sensor. The 
inset shows the capacitance and dielectric loss as a function of DC magnetic field. (b) Measured 
and estimated detectivity of the passive ME sensor unit. (c) Test results of the active ME sensor 
driven by carrier fields of 1 kHz and 22 kHz to detect incident magnetic fields at 1 Hz. (d) MDF of 
the active mode ME sensor at 0.01 Hz. The inset gives the MDF at other frequencies. (Note that 
“sensitivity” has been redefined as “MDF” here.) Reprinted with permission from Y. Wang et al. 
Advanced Materials, 23(35), 4111-4114, 2011 [132]. Copyright [2011], Wiley-VCH. Reprinted with 
permission from Y. Liu et al. Applied Physics Letters, 103(21), 212902, 2013 [366]. Copyright 
[2013], AIP Publishing. 
 
In principle, any ME device exhibiting an ME effect is capable of being directly operated as a 
magnetic field sensor [15]. This direct ME effect is significantly enhanced in ME composites [34, 
143, 154, 367] of distinct piezoelectric and magnetostrictive materials compared to single phase 
multiferroics, which inherently present a trade-off between magnetic and dielectric polarizability 
[148]. Ideally, such an ME composite magnetic field sensor is capable of directly transferring a 
magnetic field signal into a proportional voltage signal at the electrodes of the piezoelectric 

material phase, the effect of which is related to the ME coefficient Direct. Other possible ME 
magnetic field detection schemes are based on surface acoustic wave (SAW) devices, which make 
use of the velocity dependence of those waves on the magnetic media they propagate. 



 
Overall, the ME coefficient of two-phase composite materials as a figure of merit can be 

described by a product rule [368] Direct =  
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magnetostriction  with alteration of the magnetic field H equals to the magnetostrictive 

susceptibility /H. Together with the transduction of magnetostrictive strain to mechanical 

stress / in the piezoelectric component and the change of polarization with mechanical 

stress P/, a response of the magnetostrictive phase results in a detectable change of 

polarization with field P/H in the piezoelectric phase. By this, the overall performance of ME 
field sensors depends on the properties and the response of all the individual components in the 
multi-phase sensor. 
 
In general, in ME sensors, low-frequency magnetic signals might be transferred unsatisfactorily 
and are subject to piezoelectric leakage, non-ideal mechanical coupling between the material 
phases and associated voltage drift. Furthermore, 1/f-noise strongly elevates the noise floor at 
frequencies below a few hundred Hertz [369, 370]. Materials with favorable properties for 
mitigating these limitations, often utilized in ME thin-film sensor structures, include AlN [61, 144] 
or AlScN [371, 372] for the piezoelectric phase and a soft-magnetic magnetostrictive material for 
the piezomagnetic phase. Cantilever-based thin film ME sensors generally consist of 
micromachined Si cantilevers coated with the piezoelectric and magnetostrictive layers [373]. For 
the piezoelectric material, large ratios of the piezoelectric voltage coefficient together with a high 

dielectric constant and its loss tangent tan  are of relevance. These properties favor the 
beforementioned Al(Sc)N piezoelectrics. Alternative designs might use additional piezoelectric 
layers [374]. In combination with the piezomagnetic phase also a low processing temperature is 
of importance [61]. For alternative modes of operation or sensor designs, like SAW-based sensors 
[375], bulk piezoelectric materials like quartz, also in combination with ZnO films [376], are 
utilized. For the magnetostrictive phase, a high piezomagnetic coefficient at the working point of 
the sensor is an apparent requirement, favoring soft-magnetic amorphous thin films like FeCoSiB 
[377], FeGaB [378], FeGaC [379], FeCoC [380] or similar soft-magnetic alloys with high saturation 
magnetostriction for ME sensor applications. Laminating the materials in thin-film sensors 
provides an additional option to improve the soft-magnetic characteristics, allowing also for the 
reduction of eddy currents by laminating with an insulator. The use of magnetostrictive 
multilayers further enables the design of effective magnetic parameters at will. Magnetostrictive 
ferromagnetic/antiferromagnetic multilayers, such as FeCoSiB/MnIr [381, 382], allow for 
self-biased ME sensors, enabling also magnetic vector field sensing capabilities [383]. Moreover, 
it facilitates the reduction of the effects of magnetic domain activity [384-386], thereby reducing 
magnetic noise [387] in the piezomagnetic phase.  
 
We first discuss cantilever-based sensor approaches. Commonly, for such sensors the ME 
coefficient relevant for the application is determined at the working point of the composite, 
which is mainly given by two factors: first, a static bias field (Hbias), required to set the maximum 
piezomagnetic coefficient, i.e., the highest slope of the magnetostrictive response and, second, 
a mechanical resonance which is matched by the external magnetic field (Hext) frequency. Fig. 
12(a) shows a schematic direct ME field sensor setup. When applying AC magnetic signals to the 



composite, its response will be modified by mechanical vibration resonances (f0), which typically 
lead to a strong ME effect enhancement (Fig. 12(b)) given by the Q factor at the specific 
mechanical resonance. The interplay of an excited resonance, with respect to the electrodes 
placed on the piezoelectric material, together with the exhibited 1/f noise (Fig. 12(c)), then 
determines the resulting enhancement on the sensing performance [61, 388, 389]. Thus, a 
small-amplitude wideband signal has a sufficiently high SNR in a very narrow frequency range 
around the mechanical resonance (Fig. 12(d)). In the shown case, the detectivity is enhanced by 
several orders of magnitude at the mechanical flexural resonance. Below the resonance, noise 
significantly deteriorates the sensor response. To benefit from this strong SNR enhancement 
occurring in passive direct ME sensors, several routes for bandwidth enhancement have been 
developed in recent years with the goal of measuring low frequency magnetic field signals. 
 

 
Fig. 12. (a) Schematic of a cantilevered silicon based thin film ME sensor, the freestanding length 
is about 20 mm. (b) Magnitude of ME coefficient αME of a composite AlN-FeCoSiB-based 
resonator as a function of magnetic signal frequency. The inset shows the values around the 
cantilever flexural resonance slightly below 1 kHz. (c) Corresponding noise voltage density and 
(d) resulting detectivity versus signal frequency. Towards DC the noise is increased by about 5 
orders of magnitude. The minimum detectivity corresponds to the effect enhancement at the 
mechanical resonance. Replotted with permission from E. Yarar et al. Applied Physics Letters 
109.2: 022901,2016 [61]. Copyright [2016], AIP Publishing. 

 
Magnetic Frequency Conversion (MFC) requires active excitation of the ME composite by means 
of an external AC magnetic field, commonly termed as a pumping field. The external pumping 



field frequency (fpump) is set slightly off-resonance, for the condition fext= f0 ± fpump to be met [390]. 
This effectively shifts the desired low-frequency signal into the narrowband resonance peak at f0, 
given that the magnetic field frequency is low (fext < fpump). The ME composite then effectively 
acts as a frequency mixer and narrowband amplifier. Results obtained by [369,391] indicate a 
(low-frequency) SNR improvement of about two to three orders of magnitude with respect to 
the same composite used under passive, i.e., direct effect conditions. Low-noise optimized MFC 
can reach detectivities of 60 pT/Hz1/2 at 10 Hz [392] for improved sputtered FeCoSiB-based 
multilayers and about 130 pT/Hz1/2 at 1 Hz [393] using Metglas foils. For this method to apply to 
wideband signals, the pumping signal is swept in order to meet equation of fext for a multitude of 
frequencies. This in turn can be thought of as a magnetic spectrum analyzer [394]. The main 
technical challenges and limitations for applications using this approach come from the 
requirement for a magnet coil in the vicinity of the composite to supply the magnetic pumping 
signal and the rather high energy demands for driving the coil.  
 
Electrical frequency conversion (EFC) aims to remedy the requirement for driving an external coil 
by supplying the equivalent of the pumping field using a piezoelectric material, which exerts 
periodic stress on the magnetostrictive material, thus enabling a similar modulation approach as 
in the case of MFC [374, 395]. The absence of an active driving electromagnetic coil makes this 
method readily integrable into volume devices. However, specific drawbacks are the requirement 
of large dynamic ranges of the output electronics because the piezoelectrically supplied carrier 
signal strongly feeds through to the output, contaminating the magnetic signal information. EFC 
using piezoelectric readout so far reaches detectivities in the low nT/Hz1/2 regime [374, 395]. 
Nevertheless, replacing a magnetic field with a piezoelectric stress is not straightforward, 
because a magnetic field contributes unidirectionally to the magnetic energy landscape. Stress, 
on the contrary, leads to a uniaxial anisotropy, altering the magnetic energy landscape in a 
symmetric manner, thus also leading to more complicated magnetic reversal patterns [396, 397].  
 
In principle, all the modulation techniques benefit from high mechanical Q factors. This in turn 
inherently limits the sweep speed to, in practice, a few times the sensor bandwidth B = Q · 1/f0 = 
Q · t. For any oscillator, settling time is at least Q oscillation periods of time t. Consequently, when 
Q is very high, f0 should also be very high in order to reach a sufficiently high sensing bandwidth 
B. This approach of satisfying the equation of fext is only necessary if the frequency of the field 
signal of interest fext is significantly larger than the bandwidth of the employed mechanical 
resonance mode. Otherwise, the benefit of resonance amplification for one of the formed 
sidebands is negligible and the excitation at the resonance itself is preferable. 
 
Thus, one alternate approach was developed that is based on the use of piezoelectric excitation 
combined with an inductive signal pick-up (Fig. 13). This scheme is especially effective using high 
frequency resonances as the induced voltage in the coil Vcoil scales with the rate of change of the 

magnetic flux Vcoil  d/dt. Consequently, the induced voltage is proportional to the piezoelectric 
pump frequency fpump, which then leads to very high magnetic field sensitivities. For such a 
measuring scheme, the mechanical resonance conditions are of importance. Mechanical 
resonance frequencies (i.e., flexural, torsional) typically scale inversely with resonator 
dimensions, making smaller dimensions beneficial for achieving high frequency resonances. On 



the other hand, magnetostrictive soft magnetic films typically show a distorted magnetic 
anisotropy landscape towards their film edges [385, 398]. Thus, extended films facilitate the 
control of magnetic anisotropy. The use of bulk modes such as thickness or longitudinal 
oscillations is another alternative to achieve high mechanical frequencies while maintaining 
larger resonator geometries [399].  
 

 
Fig. 13. Setup using the converse ME effect with thin film-based composites. (a) Resonator 
employing the converse ME effect using thin films. An excitation voltage is applied to the 
piezoelectric material, exciting a mechanical resonance, the induced pickup coil voltage at the 
excitation frequency is acquired through the pickup coil. The external magnetic field (Hext) is 
applied perpendicular to the magnetic easy axis (E.A.). This pickup coil voltage is a function of 
Hext. (b) Cross-section of the ME composite. 

Fig. 14(a) shows example data from such a device. The induced coil voltage (Vcoil) amplitude is 
monitored while piezoelectrically exciting a high frequency mechanical resonance at 514.8 kHz 
with respect to a quasi-static external magnetic field Hext. At external field magnitudes above 
100 μT  the voltage drops rapidly as the amorphous thin film FeCoSiB approaches magnetic 
saturation. Depending on the magnetic history, points of maximum Vcoil are located near a field 
magnitude of 30 and 50 μT. For sensing purposes, i.e., best detectivity, the situation at zero bias 
field, coming from any saturation direction is favorable, because a linear slope of up to 40 kV/T 
is present even using low excitation voltage of 80 mV (Fig. 14(b)). Note that at higher bias fields 
this slope is reduced, by which the sensing performance is slightly degraded. Furthermore, if such 
ME resonators are strongly driven, mechanical nonlinearities may occur, which also degrade the 
sensing performance or make control difficult [400].  



 
Fig. 14. (a) The induced coil voltage (Vcoil) at the excitation frequency of 514.8 kHz with respect 
to an external magnetic field. The two loop branches show data for ascending and descending 
magnetic fields starting from magnetic saturation. At very high external fields the induced voltage 
reaches minimum. At an intermediate external field magnitude, depending on the chosen 
working point, a maximum of Vcoil is reached, indicating strong emittance of the resonator. (b) 
Around zero external bias fields, the sensitivity, i.e., the slope of the curve reaches a maximum 
in magnitude. This is the optimum working point for use as a converse ME sensor. Reprinted with 
permission from P. Hayes et al. Scientific reports 9.1, 1-10, 2019 [401]. Copyright [2019], Nature 
Publishing Group. 

This scheme provides detectivities away from the carrier frequency of down to about 50 pT/Hz1/2, 
increasing to about 120 pT/Hz1/2 at 2 Hz (Fig. 15(a)). The sensitivity within the bandwidth B of the 
resonator remains practically constant. A noise increase close to the mechanical resonance leads 
to degraded detectivities at low frequencies of fext. Ultimately, the DC response at varying 
external fields, which is given by the amplitude of fpump itself, is shown in Fig. 15(b). From the base 
noise with constant amplitude and the respective step height, a detectivity of about 210 pT/ Hz1/2 
for DC fields is obtained [401]. 

 
Fig. 15. (a) Detectivity with respect to the carrier frequency. The sensitivity stays constant within 
the shown frequency regime, a strong drop in noise is responsible for the improved detectivity 
away from the carrier frequency fpump. (b) Staircase DC measurement using an electrically 
modulated composite at zero magnetic bias field. The sensor is piezoelectrically excited within a 



high frequency resonance using an inductive pickup. Recording of the coil voltage at the 
excitation frequency against time reveals a high DC magnetic field detectivity of about 210 
pT/Hz1/2. Note: the terminology “LOD” is redefined as “detectivity” here. Reprinted with 
permission from P. Hayes et al. Scientific reports 9.1, 1-10, 2019 [401]. Copyright [2019], Nature 
Publishing Group. 
 
An alternative approach are ME sensors based on surface acoustic waves (SAWs). For that 
concept, metallic interdigital transducers (IDTs) are deposited on a piezoelectric single crystal 
substrate (e.g., quartz, LiNbO3, LiTaO3) and are used to excite high frequency elastic waves in the 
MHz to low GHz regime. If these high frequency waves travel through a magnetostrictive material, 
their phase velocity is directly proportional to the change of the Young’s (ΔE effect) or the shear 
(ΔG effect) modulus with magnetic field-induced changes in magnetization. The concept of 
magnetically changing the phase of an acoustic wave was first experimentally demonstrated by 
Ganguly et al. [402] using Rayleigh wave-based devices. However, the achieved phase changes 
were comparably low at high magnetic bias fields, thus unsuitable for magnetic field sensing. In 
recent years, the interest in using SAW devices as magnetic field sensors has increased, with 
several groups investigating different designs and materials [375, 403-407]. It turned out that the 
highest magnetic sensitivities can be achieved by employing a guiding layer on substrates which 
generate shear horizontal waves, thereby exciting so-called Love waves [375, 376, 408, 409]. Love 
waves are strongly confined to the surface of the guiding layer. Hence, most of the acoustic 
energy is focused in the magnetostrictive material (cf. Fig. 16(a)). Additionally, due to the 
horizontal shear displacement of the wave it is mostly sensitive to changes of the shear modulus 
of the magnetostrictive medium.  
 
Love wave sensors using gold IDTs on a ST-cut Quartz substrate, with a 4.5 µm thick SiO2 guiding 
layer and a 200 nm thick magnetostrictive phase of composition (Fe90Co10)78Si12B10 can exhibit 
phase sensitivities as high as 2000°/mT (Fig. 16(b)) and detectivities as low as 70 pT/Hz1/2 at 10 Hz 
and 25 pT/Hz1/2 at 100 Hz (Fig. 16(c)) [410]. Since SAW magnetic field sensors operating in a delay 
line configuration are not dependent on any resonance effects, their measurement bandwidth is 
solely limited by the propagation time of the acoustic wave and the passband width of the device. 
Depending on the design, i.e., delay line length and wavelength, bandwidths of up to 1 MHz can 
be achieved making them particularly interesting for artificial current sensing [411]. Higher order 
Love modes can also be excited, but generally show lower sensitivities than the fundamental 
mode [412]. However, with a guiding layer to wavelength ratio of about 3/2, three different 
modes can be excited simultaneously, while providing sufficient sensitivities. This way, multi-
mode operation is enabled. In general, the sensitivity of Love wave magnetic field sensors is 
proportional to the thickness of the magnetostrictive phase, i.e., the thicker the magnetostrictive 
layer, the higher the sensitivity. The generated magnetic noise, however, shows the same 
dependency and therefore in a thickness range of 50 nm to 250 nm the resulting detectivity is 
virtually the same [413].  



 
Fig. 16 (a) Schematic of magnetic SAW delay line sensor. Two pairs of interdigital electrodes are 
deposited on a piezoelectric substrate which send off and receive a surface acoustic wave at the 
in- and output, respectively. By use of a guiding layer, the energy of the wave is confined to near 
the surface. The wave velocity of the FeCoSiB is altered by Hext. The phase is the quantity of 
measurement. (b) Magnetic sensitivity with applied magnetic DC bias field. (c) Detectivity over a 
frequency range of a 40 kHz from the carrier signal (148 MHz). Note: the terminology “Limit of 
Detection” is redefined as “Detectivity” here. Replotted with permission from V. Schell et al. 
Applied Physics Letters 116.7, 073503, 2020 [410]. Copyright [2020], AIP Publishing. 

The detectivity in the ME sensors discussed so far is limited by different noise sources. A 
fundamental limitation comes from thermal-mechanical noise of the resonator [390, 414] and 
thermal-electrical noise of the piezoelectric material, where applicable. Yet, theoretical and 
experimental analysis shows that magnetic losses or hysteresis effects, mostly as a result of 
magnetic domain wall processes, are the dominating contributions to sensor noise in ME 
structures. A direct implication of complex and hysteretic magnetic domain response on ME 
sensitivity, thereby directly coupling into ME signal variations, was determined in [385]. For 
modulated sensor structures, different regimes of magnetic noise with distinct magnetic domain 
activities could be identified [386]. The connections between sensor sensitivity, magnetic noise, 
detectivity, and magnetic domain induced losses for a MFC operated sensor are shown in Fig. 17. 
The individual magnetic domain activities could be directly connected to magnetic loss 
parameters. Similar relations were found for SAW-based devices, where the main factor limiting 
the detectivity is the 1/f magnetic flicker phase noise stemming from the acoustically penetrated 
magnetic FeCoSiB film. This is particularly evident when the SAW sensors are operated in 
magnetic saturation. In this case, the noise floor is reduced by up to 2 orders of magnitude as 
compared to operating the sensor at its point of highest sensitivity [415].  
 



 
Fig. 17 Variation of MFC sensor properties with modulation field Hmod. (a) ME voltage signal 
amplitude of an MFC sensor (max. at µ0Hmod = 0.6 mT) and (b) corresponding ME voltage noise 
density (ND) for a measurement signal µ0Hmea = 10−3 mT at a frequency of fmea = 10 Hz. Magnetic 
noise density is non-linear increasing with increasing Hmod. (c) Resulting values of SNR with best 
SNR away from maximum sensitivity. (d) Direct correlation of low and high magnetic field induced 
magnetic domain activity, magnetic hysteresis losses, and noise density. Reprinted with 
permission from N. Urs et al. Physical Review Applied 13.2, 024018, 2020 [386]. Copyright [2020], 
American Physical Society. 

As for cantilever-based sensors, the noise and not the sensitivity is the dominating factor for 
sensor improvement. For cantilever-based sensors operated by MFC, magnetic domain control 
was already achieved by quasi-elimination of magnetic domain activity and magnetic noise using 
an antiparallel exchange biasing scheme in a magnetic multilayer piezomagnetic phase [387, 392]. 
This way, single magnetic domain structures are formed in each layer, and magnetic noise could 
be (nearly) eliminated.  
 
One of the major challenges for improving the ME characteristics for future devices from the 
point of view of the magnetic phase lies in the control of magnetic properties. Four major 
requirements related to the magnetic phase are obvious for obtaining the best ME response for 
the achievement of low detectivity. First, increasing the saturation magnetostriction constant of 
the magnetic materials is one basic prerequisite for increased sensor ME signals. Second, the 
exact alignment of the magnetization in the sensors, most relevant for obtaining high signal 
amplitude and thus maximum sensitivity, is of high relevance. Even small misalignment in the 



anisotropy axis or local anisotropy dispersion degrades the maximum achievable sensitivity in the 
sensors. Related to this are inhomogeneous demagnetization field contributions in structured 
sensors as well as stress relaxation effects at the edges of the magnetostrictive structures. Third 
and relatedly, the magnitude of effective magnetic anisotropy plays a significant role for 
obtaining high magnetostrictive susceptibility. All these contributions, especially with the 
inevitably occurring (local) magnetoelastic anisotropy effects in the magnetic devices, will also 
determine the magnetic domain structure in the sensors. As all the presented ME sensor schemes 
rely on modulation and thereby activate magnetic domain wall processes, the overall magnetic 
domain activity has a major influence on the sensor noise characteristics. Therefore, and fourthly, 
magnetic domain control with the goal of eliminating magnetic domain wall activity is of major 
relevance to limit or eliminate magnetic sensor noise. This strategy is at the heart of commercial 
magnetic film sensors, e.g., for AMR-based magnetic sensor structures [416, 417]. Thus, the focus 
of further research with the goal of achieving the lowest detectivities, e.g., for biomedical 
applications, is the reduction of magnetically generated noise. Magnetic anisotropy control 
together with magnetic domain engineering is a key aspect for sensor improvement. By 
implication, this requirement will put constraints on the range of compatible levels of 
magnetostriction and magnetic anisotropy, also in combination with sensor processing 
conditions. As already demonstrated, magnetic multilayers offer a lever for magnetic domain 
control. With this, the final goal for all the presented sensor schemes is to reach theoretical 
thermomagnetic noise limits and thus detectivities in the sub-pT magnetic field regime for the 
detection of low-frequency magnetic fields.  
 
Overall, the presented sensor structures allow ME composites to be successfully implemented as 
sensing devices in conjunction with low-cost state-of-the art signal processing schemes. Further 
improvements in sensor structures, materials, and optimization of magnetics and electronics will 
enable sensors with significant lower detectivities and higher bandwidths. 
 
3.2.2. MEMS ME Sensors 
 
ME nano/micromechanical systems (NEMS/MEMS) resonant magnetometers operating on the 
ΔE effect provide advantages of small scale and low cost. With dimensions of the resonator plate 
of roughly one or two hundred microns across and hundreds of nanometers thick, and made 
using microfabrication techniques, hundreds of devices can fit on a single Si substrate chip. The 
small size enables high spatial resolution, if the sensors are used in an array, and results in low 
power consumption. In addition, these devices can be readily integrated with complementary 
metal-oxide-semiconductor (CMOS) technology, and the efficiency of fabrication reduces the 
cost per device as well as facilitates rapid prototyping of new sensor designs. Unlike bulk acoustic 
wave (BAW) resonators, these devices work on a contour-mode resonator principle [418-421], in 
which resonator frequency is determined not by the thickness of material(s) in the resonator but 
by the spacing of the actuating interdigital electrodes. This allows for a variety of devices 
operating at various frequencies to be included on the same chip.  
 
The magnetic field-sensing scheme in these sensors relies on the ΔE effect. This is the property 
of magnetostrictive materials which results in an apparent change in elastic modulus (or Young’s 



modulus) when magnetization states change under the influence of a magnetic field. Thin films 
of ferromagnetic FeGaB are used due to desirable magnetic properties. Grown by sputtering, this 
material exhibits relatively high ΔE and magnetostriction constant, λs, at an optimized 
composition of (Fe80Ga20)88B12 at. % [378, 422]. Because it is amorphous, it is also magnetically 
very soft and has low anisotropy, with Hc < 100 μT and Hk < 2000 μT. Such films (with intermittent 
thin spacer layers included for the sake of reducing losses from eddy currents) are grown on top 
of a film of piezoelectric AlN, and together the magnetic and piezoelectric phases form a 
laminated ME composite [423] that is mechanically coupled by strain. The AlN in turn resides on 
top of interdigital electrodes (IDE) that are used to transmit an AC voltage signal and to impart a 
contour-mode electromechanical wave to the layer stack via the d31 mode in the AlN [424]. The 
layer stack and IDE together form the resonator plate that is attached to the substrate by two 
thin anchors but is otherwise suspended in air (Fig. 18(a)). As the resonator plate is driven in 
sustained contour-mode vibrations, the resonance frequency, 𝑓𝑟 , is determined by the pitch 
(separation) of the IDE fingers 𝑤0 (Fig. 18(b)), the equivalent Young’s modulus of all the materials 
𝐸𝑒𝑞 and the equivalent density 𝜌𝑒𝑞. As applied magnetic fields influence the elastic modulus of 

the magnetic material, and in turn 𝐸𝑒𝑞, the output signal from the sensor changes as 𝑓𝑟 shifts.  

 

 
Fig. 18. (a) Schematic of the ME sensor components and materials. (b) Scanning electron 
microscopy (SEM) image of fabricated sensor highlighting the interdigitated electrode (IDE) 
geometry. (c) SEM image of ME sensor cross section. (d) Schematic of testing setup and DC 
magnetic field application. Replotted with permission from T. Nan et al. Scientific reports, vol. 3, 
p. 1985, 2013 [32]. Copyright [2013], Nature Publishing Group. 
  



Such a sensing mechanism is well-suited to detecting magnetic fields in a wide range of 
frequencies, including DC. DC and low-frequency detection are especially challenging, but is 
necessary in some applications such as biomedical procedures—in particular, 
magnetoencephalography (MEG) and magnetocardiography (MCG). Indeed, these sensors have 
been shown to have good detection capability with magnetic fields ranging from DC to 1.5 kHz 
[32, 425-427]. 
  
A few characterization and signal extraction methodologies have been demonstrated, including 
both open-loop and closed-loop configurations. In open-loop mode, an external frequency 
source drives the resonator and simultaneously acts as the detector of any signal changes due to 
magnetic fields. This is accomplished by the one-port configuration of the electrical interface of 
the sensor—the way in which the probing pads are connected to the IDE. Open-loop 
characterization of NEMS magnetometers has been performed using a vector network analyzer 
and a high-frequency lock-in amplifier; in such setups, the output signal responds to changes in 
impedance that occur in the sensor.   
 
The first such NEMS magnetic sensor featuring a contour-mode resonator plate had a resonance 
frequency 𝑓𝑟 of around 215 MHz and was tested in open-loop mode using a VNA [32]. The layers 
featured an equal thickness of magnetic FeGaB and piezoelectric AlN of 250 nm each (except that 
the magnetic part was subdivided into 10 layers with thin Al2O3 spacer layers in between), as 
shown in Fig. 18(c). An in-situ magnetic field was applied along the width of the resonator (along 
W in Fig. 18(b)) during sputter-deposition of the magnetic layers to pre-orient the magnetic 
domains. The IDE were made from Pt in order to achieve better crystal alignment of the AlN 
grown on top. During testing, DC magnetic fields were applied lengthwise (Fig. 18(d)). It is 
expected that such a process would cause magnetic domains to largely align widthwise when no 
magnetic field is present and then to rotate into the direction of the lengthwise magnetic field. 
A 90° rotation of magnetic moments would maximize the ΔE effect and in turn the frequency 
shift, thereby enhancing sensitivity.  
 
A substantial frequency response and Q factor were achieved with this device (Fig. 19). A VNA 
was used to drive the sensor and measure the admittance. With no magnetic field applied, a Q 
factor of 735 and an electromechanical coupling coefficient of 1.54 % were extracted by fitting 
the Butterworth-van Dyke model to the admittance measured in a frequency sweep (Fig. 19(a)). 
This value for coupling coefficient is comparable to what can be expected from similar AlN-based 
contour-mode resonators that do not contain magnetic layers [428]. Such frequency sweeps 
were then performed with incrementally increasing DC magnetic fields; the 𝑓𝑟  and peak 
admittance amplitude, Y, as a function of field are shown in Fig. 19(b). The 𝑓𝑟, Y, and Q all follow 
a trend of initially decreasing to a minimum and then increasing to a saturation value. This can 
be understood as a consequence of the averaged magnetization rotating until it is about halfway 
between lengthwise and widthwise alignment. At this orientation the magnetostriction is largest, 
so the material appears the most pliable, which corresponds to a frequency minimum. Likewise, 
damping due to activity of magnetic moments and/or domains is largest, so a minimum in Q is 
also observed [429, 430]. The total change in 𝑓𝑟 relative to the minimum is about 1 %, and the 
maximum detectivity, where |dfr dH⁄ | is largest at around 500 μT, is roughly 1 Hz/nT.  



 
Fig. 19. (a) The admittance from the ME sensor measured by a vector network analyzer (VNA) in 
red, with Butterworth Van Dyke model fitting in blue. (b) ME sensor frequency shift and 
admittance shift with applied DC magnetic field. Reproduced with permission from T. Nan et al. 
Scientific reports, vol. 3, p. 1985, 2013 [32]. Copyright [2013], Nature Publishing Group. 
 
This sensor also achieved a good MDF in an unshielded lab environment, in a test in which the 
applied magnetic field was changing at a constant, linear rate (Fig. 20). An additional coil was 
connected to a precision current source to generate a second, small magnetic field superposed 
on a fixed DC bias field of 500 μT (to maximize sensitivity). The secondary field was reduced in 
magnitude until the admittance amplitude was no longer changing. With the VNA set to a power 
of -12 dBm and IF bandwidth of 200 Hz, this method produced an MDF of about 300 pT.  

 
Fig. 20. MDF test, showing the change in admittance amplitude as a small, secondary DC field is 
reduced. This small field was superimposed on a fixed bias field of 500 μT, which corresponds to 
maximum frequency sensitivity. The inset shows a smaller range of DC field variation, from 4 nT 
down to 50 pT, in which a MDF of 300 pT was obtained. Reprinted with permission from T. Nan 
et al. Scientific reports, vol. 3, p. 1985, 2013 [32]. Copyright [2013], Nature Publishing Group. 
 
Another open-loop characterization methodology was demonstrated using a high-frequency 
lock-in amplifier [426]. In this method, a directional coupler was used to split the output AC 
voltage signal into a transmitted and reflected part; the transmitted signal drives the resonator, 
and the reflected part is wired into the input port of the lock-in amplifier. Thus, the system relies 



on monitoring the AC voltage amplitude put out by the sensor rather than the admittance. At the 
resonance frequency, maximum power is absorbed by the resonator, so an inverted voltage peak 
is observed (exemplified in Fig.  21(a)).  

 
Fig. 21. (a) ME sensor voltage output as measured by a lock-in amplifier. Each frequency sweep 
corresponds to a different DC magnetic field. (b) Resonant frequency of resonators with different 
FeGaB layer thicknesses, with Eq. 1 fitted to the data. (c) Resonant frequency with applied DC 
magnetic field of the sensor with the highest frequency response. (d) MDF test for the same 
sensor, conducted with a fixed bias field of 1200 μT, while a secondary field was reduced in steps, 
yielding a MDF of 800 pT. Reproduced with permission from M. Li et al. Applied Physics Letters, 
110(14), 143510, 2017 [426]. Copyright [2017], AIP Publishing. 
 
In addition, these NEMS magnetometers were utilized to measure E for (Fe80Ga20)88B12 thin films, 
demonstrating the potential for these devices to not only advance sensor technology but to also 
act as test systems for more fundamental studies. Although parameters including the 
magnetostriction constant, λs, and the change of modulus, ΔE, could be measured via several 
techniques [378, 431-435], the baseline elastic modulus, E, in these thin films was not previously 
known, and no well-established method to measure this parameter exists. Several duplicate 



sensors were fabricated with different total thicknesses of FeGaB: 100, 250, 300, and 350 nm 

thick. With no magnetic field applied, the resonance frequency was obtained, and 𝑓0 =
1

2𝑤0
√

𝐸𝑒𝑞

𝜌𝑒𝑞
 

was fitted to the data, with 𝐸𝑒𝑞 as a fitting parameter (Fig. 21(b)). The elastic modulus for the 

FeGaB/Al2O3 multilayers was found to be 215 GPa.  
 
The sensor was characterized for its frequency response and MDF via the lock-in amplifier-based 
technique. An improved frequency response was obtained, shown in Fig. 21. The total frequency 
shift, 𝛥𝑓𝑟 𝑓𝑟,𝑚𝑖𝑛 (%)⁄ , was 1.44 %, roughly 40 % higher than before. And the sensitivity of 2.8 
Hz/nT was an improvement by about a factor of 3. The MDF was then measured as follows: a 
small DC magnetic field was applied from a secondary coil connected to a precision current 
source, and this secondary field was reduced in steps, while a fixed bias field of 1200 μT was 
maintained (Fig. 21(d)). Despite the higher sensitivity and frequency response, the obtained MDF 
was ~800 pT, inferior to the previous result. This could be due to a lower Q [430] in this sensor 
(not shown).  
 
A similar NEMS sensor was also incorporated into a closed-loop, self-sustained, and low-power 
CMOS oscillator [425] (Fig. 22(a)). The resonator plate had a different layout, featuring 3 IDE 
fingers instead of the previously-used 7, and consequently a lower resonance frequency: 167.8 
MHz. In another departure from the prior design, magnetic bias during magnetic film sputtering 
was applied along the length of the nanoplate, inducing a magnetic anisotropy that favors a 
lengthwise magnetic easy axis. Tests in open-loop mode (prior to integration with the oscillator 
circuit) revealed a higher mechanical quality factor, Qm, of 1084 and an electromechanical 
coupling coefficient, kt

2, of 1.18 % (Fig. 22(b)). This gives a figure of merit (FOM) of ~13 (FOM = 
kt

2 • Q), which is comparable to conventional resonators with the same AlN thickness [436]. The 
frequency response to DC magnetic fields was characterized by fields applied both widthwise and 
lengthwise to the resonator, and the results indicate an anisotropic response due to the induced 
magnetic anisotropy in the FeGaB layers (Fig. 22(c)). The characteristic trend associated with the 
ΔE effect—in which 𝑓𝑟 first declines to a minimum and then reaches a maximum at magnetic 
saturation [377]—now occurs with magnetic fields applied across the width of the nanoplate (as 
a result of the bias during growth of FeGaB). However, the anisotropy was rather large, so that 
10 mT was required to cancel the anisotropy field; this has the undesired effect of reducing the 
maximum frequency sensitivity, |dfr dH⁄ |, which in turn is likely to impair the MDF capability in 
the sensor.  

 



Fig. 22. (a) Schematic of ME sensor nanoplate resonator integrated with a self-sustained CMOS 
oscillator. (b) Open-loop measurement of ME sensor admittance in red and Modified 
Butterworth Van Dyke model fitting in blue, from which parameters of the resonant frequency 
(with no field applied), Q, and kt

2 are extracted. (c) Resonant frequency response to DC magnetic 
field applied along the width and length of the resonator. Reproduced with permission from Y. 
Hui et al. Journal of Microelectromechanical Systems, 24(1), 134-143, 2014 [425]. Copyright 
[2014], IEEE. 
 
The contrast in sensor response to different field directions can be taken advantage of for 
electronic compass applications; however, a limitation to be considered is performance variation 
with temperature. In particular, the variation of 𝑓𝑟  with temperature was measured, and a 
nonlinear temperature coefficient of frequency (TCF) was recorded from −67 to −156 ppm/K, 
which is larger than typical TCF of AlN-based resonators due to the additional temperature 
coefficient of the FeGaB film. This challenge can be overcome by integrating a temperature 
sensor that is unaffected by magnetic fields, such as a conventional AlN resonator without 
magnetic films, to be used for temperature calibration [437].  
 
After initial open-loop testing, the nanoplate resonator was then wire-bonded to a CMOS IC chip 
(Fig. 23(a)) to make the first demonstration of a self-biased magnetometer based on a ME MEMS-
CMOS oscillator. The circuit scheme formed a Pierce oscillator by way of three transistors 
arranged to constitute a CMOS inverter and a bias in its active region. The integrated sensor was 
characterized in terms of its frequency output (Fig. 23(b)), phase noise and Allan deviation, as 
well as repeat tests of frequency response and a demonstration of the device used as a compass. 
Repeated tests of frequency response (Fig. 23(c) and Fig. 23(d)) showed that the 𝑓𝑟(𝐻) curve had 
changed. This indicates that the magnetization states had somehow changed after the initial 
round of testing in open-loop mode had been completed, but further verification of this 
phenomenon is needed.  



 
Fig. 23. (a) Integration of the ME sensor chip with the CMOS integrated circuit (IC) chip on a 
custom-designed circuit board. The circuit schematic shows the oscillator design, with C1 = C2 = 
1.5 pF, (W/L)M1 = 300, (W/L)M2 = 675, (W/L)M3 = 0.03. (b) Measured frequency output spectrum 
in closed-loop mode. (c) Resonant frequency response of AlN/FeGaB MEMS-CMOS oscillator to 
a DC magnetic field sweep applied along the width. (d) Frequency response of the oscillator to a 
DC magnetic field sweep applied along the resonator length. Reproduced with permission from 
Y. Hui et al. Journal of Microelectromechanical Systems, 24(1), 134-143, 2014 [425]. Copyright 
[2014], IEEE. 
 
The integrated MEMS-CMOS oscillator showed maximum sensitivity with the DC field applied 
lengthwise to the nanoplate, and—crucially—featured a linear response in the vicinity of zero 
field, which enables the sensor to operate without a bias field, or in other words, to be self-biased. 
A sensitivity of 169 Hz/μT was obtained (Fig. 24), and, together with results of the Allan deviation 
measurement, an estimate for detectivity was calculated to be 16 nT/Hz1/2. The sensor was then 
used in a simulated real-world application by demonstrating its functionality as a compass in a 
field approximating the Earth’s magnetic field. A 50 μT field was applied at different angles with 
respect to the width of the nanoplate resonator, and a frequency shift strongly dependent on 
angle was observed, due to the strongly anisotropic sensitivity of the AlN/FeGaB resonator. The 
angular resolution was determined to be 0.34° in the range of 0° to 180° and 0.54° for the 180° 
to 360° range. 



 
Fig. 24. (a) Frequency sensitivity of the MEMS-CMOS oscillator to magnetic field applied along 
the length of the resonator with zero bias. (b) Angular dependence of frequency shift in the 
oscillator, demonstrating its capability as an electronic compass. Reproduced with permission 
from Y. Hui et al. Journal of Microelectromechanical Systems, 24(1), 134-143, 2014 [425]. 
Copyright [2014], IEEE. 
 
There is a wide array of fundamental questions as well as engineering challenges about such 
NEMS/MEMS ME magnetometers that remain to be explored. Firstly, it is critical to better 
understand the magnetic domains within the magnetic layers and the major properties that 
determine the ΔE effect, including the effective anisotropy energy density and the magnetic easy 
axis alignment. Because of the microscopic scale of the resonator plate, and the growth of the 
ME thin films on top of electrodes, the films may be sensitive to effects that are less relevant for 
thin films grown on a much thicker substrate. For example, whereas the stress distribution in a 
thin film on top of a much thicker substrate may be approximately uniform [438], in a thin film 
system like the resonator plate, a stress gradient is expected [439, 440]. In addition, patterned 
structures, like the IDE, affect stress when an AlN thin film is grown on top [441]. To shed more 
light on such fundamental aspects of the sensors, we have been systematically investigating the 
parameters that influence sensor performance, with particular focus on how the frequency 
response can be optimized.  
 
Beyond that, possible future investigations include the use of new materials, new resonator plate 
designs, and new fabrication processes. One benefit worth exploring is that these initiatives may 
help to raise the Q of the resonator; from a practical standpoint, this is expected to improve the 
MDF of the magnetometer. For example, we have completed simulations that indicate less 
scattering of vibration energy would result for certain resonator shapes. As for materials, 
contour-mode resonators made with ScAlN were recently demonstrated and showed improved 
Q and kt

2 compared to AlN [442]. New fabrication processes could also yield benefits such as 
achieving flat material layers and the freedom to use more conductive (or lighter) materials for 
the IDE, if the layer sequence were inverted. In summary, a multitude of opportunities remain to 
continue researching these ME magnetometers, either from a fundamental angle of looking at 



the material science involved, or from an application-focused perspective of optimizing 
performance.  
 
3.3. Magnetoelectric random-access memories (ME-RAMs) 
 
Over decades, the progress in digital technologies has relied on transistor downscaling in order 
to enhance the operation speed and increase the amount of electronic data that can be stored. 
At the same time, the size of bits has been reduced concurrently with the electronics (i.e., 
patterned media), to significantly increase the areal density of stored information in, e.g., har 
disk drives (HDDs). At present, when chips can be prepared on the scale of hundreds of 
nanometers (smaller than many viruses), and the size of a single magnetic bit can reach sub-10 
nm, magnetic devices face another rather fundament challenge: the overheating due to the 
electric currents involved during information writing [177].  
 
Magnetization switching in devices is conventionally accomplished by localized magnetic fields 
(generated via electromagnetic induction) or by spin-polarized electric currents (spin-transfer 
torque) [443]. Both principles require relatively high electric currents and thus involve significant 
loss of energy in the form of heat (by Joule effect). The currents needed to operate conventional 
magnetoresistive random-access memories (MRAMs) are of the order of 10 mA, whereas the 
spin-transfer torque variant of MRAMs requires currents of at least 0.5 mA. This is still a factor 
five times higher than the currents delivered by highly miniaturized metal-oxide-semiconductor 
field-effect transistors [444]. Other types of non-volatile memories (such as NOR or NAND flash) 
integrated, for example, in ‘universal series bus’ (USB) drives, digital cameras, mobile phones, 
synthesizers, game consoles, robotics or medical electronics, also require of considerably high 
currents and are, therefore, not optimized from an energetic point of view. This makes 
refrigerating systems indispensable to avoid temperature rises, resulting in an extra source of 
energy consumption. In addition, excessive heating in computers and data servers can damage 
the memories and induce loss of the recorded information. For these reasons, data center 
providers work intensively to find strategies to face this problem, using sophisticated and costly 
cooling systems or directly locating their servers under the ocean or in cold countries. 
 
The energy needed to switch the magnetization of a magnetic object is, in a first approximation, 
proportional to its coercivity. Application of voltage has been shown to reduce HC in various types 
of magnetic materials (see e.g., Table IV). Thus, the use of voltage can lead to significant energy 
saving with an important cost reduction (ultra-low power ME devices).  Table V lists the energy 
needed to write a single bit of information in the different types of existing memories [445, 446]. 
Looking at the Table, volatile SRAM and DRAM memories seem to be amongst the most energy 
efficient. However, because of their volatility, these memories need a constant power in order 
to retain data and require periodical refreshments, which impose a continuous energy 
consumption. During the last few years, voltage (or electric field) control of magnetism has 
emerged as a fundamentally different approach towards the implementation of ultralow-heat-
dissipation memories operated at the nanoscale. Very recent theoretical studies predict that the 
energy needed to write a magnetic bit using voltage could be as low as 10-6 pJ [75]. Since voltage 
is applied through an electrically insulating layer (with an infinite resistance), Joule heating effects 



are nearly zero. ME approaches have been realized in numerous classes of materials and 
architectures where an efficient modulation of various parameters, such as coercivity, magnetic 
moment, magnetic anisotropy, remanent magnetization, exchange bias or topological spin 
structures, has been achieved [9, 447]. All these effects can be employed for the realization of 
ME random-access memories (ME-RAMs), from which various prototypes have been 
demonstrated. Experimentally, for memory cells with lateral size of around 20 nm, depending on 
the underlying mechanism responsible for the observed ME effects, energy dissipation per 
switching bit event can be as low as ~10-6 pJ (for strain-mediated ME coupling) or 10-3 pJ (for 
charge mediated coupling) [447]. In ME-RAM memories based on reorientation of the magnetic 
easy axis (voltage-controlled anisotropy ME-RAMs), switching events involving interfacial oxygen 
have been demonstrated with a writing energy of 10-3 pJ/bit [448]. As evidenced in Table 1, these 
energies represent several orders of magnitude lower than those required to write data bits in 
other types of non-volatile memories. 
 

Table V: Consumed energy to write one bit for the different main types of existing memory systems 
(volatile in light blue and non-volatile in light pink) [75, 445-448]. For HDD, the energy dissipated by 
rotation of the disk and the movement of the read/write arm is also included. 
 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
MRAM technology is based on spintronics (spin-based electronics), incorporating the spin (i.e., 
magnetism) as an additional degree of freedom to electron charge. Conventional MRAMs 

Memory Scheme 
(V: volatile /  

NV: non-volatile) 

 

Acronym 
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energy/bit 
(pJ) 

Dynamic (V) 
 

DRAM 10-2 

Static (V) 
 

SRAM 10-3 

Memristor (NV) 
 

RRAM 10-1 

Toggle Magnetoresistance 
 

MRAM 1 

Spin transfer torque  STT-RAM 10-1 

Phase Change (NV)  PC-RAM 10 

Ferroelectric (NV)   FE-RAM 10-2 

Flash (NV) 
 

NOR 102 

Hard-disk drive (NV)  HDD >103 

Magnetoelectric (NV) 
 

ME-RAM 
10-6 

(theoretical) 
< 10-3 (expt.) 



combine an ensemble of magnetic storage units (the so-called magnetic tunnel junctions, MTJ) 
with standard CMOS transistors, rendering non-volatility of the stored information, ultra-fast 
processing rates and high read/write endurance [449]. Each MTJ comprises a fixed ferromagnetic 
layer (typically pinned via the direct exchange coupling with an antiferromagnet), a thin dielectric 
tunnel barrier and a soft ferromagnetic layer (free layer), whose orientation can be changed by 
applying a magnetic field or, as demonstrated in recent years, a spin-polarized electric current 
(spin-transfer torque effect). The two states will be read through the changes in 
magnetoresistance between the “1” and “0” configurations. When a current (iread) will traverse 
the MTJ, the resistance of each unit will depend on the relative orientation between the free and 
the pinned FM layers. During the reading stage, the magnetoresistance is low (or high) depending 
on whether the two layers are parallel (or antiparallel) to each other. While reading the 
information stored in each MTJ of the MRAM is rather simple, the writing process is more 
complicated and remains not optimized. Originally, the bit writing relied on two orthogonal 
magnetic fields generated by electric current flowing in the so-called “write or word lines”. 
However, relatively high writing currents, of the order of 10 mA, were needed. This was not 
convenient in terms of energy efficiency and also because the high currents induced undesirable 
switching in neighboring MTJs, particularly as MRAMs were progressively shrunk in size. Several 
alternatives have been proposed to overcome this issue, such as thermally-assisted switching 
(which works in an analogous way as thermally-assisted magnetic recording) [444,450] or spin-
transfer MRAMs, in which the switching of the free layer is controlled by a current of spin-
polarized electrons that traverses the MTJs [451]. However, in both cases, the power 
consumption remains exceedingly high and the requirement for moderate electric currents also 
precludes the reduction in size of the associated transistors, thus hindering the miniaturization 
of MRAMs. To improve energy efficiency, several ME-RAM prototypes have been proposed, 
where either the orientation of the free layer is controlled with voltage (as described below), or 
the exchange bias field in the pinned layer is tailored with an electric field. In most ME-RAMs 
designs, the MTJs comprise either a FE spacer [452, 453], a multiferroic (FE+AFM) layer [452, 454, 
455] or a thin free FM layer that gets reoriented by the FE [456-460].  



 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 25: (a) Schematic drawing of an ME-RAM device in which each magnetic unit consists of a 
magnetic tunnel junction (MTJ) coupled to transistor. (b) Operating principle of the ME-RAM 
based on voltage-controlled magnetic anisotropy; the sub-loop at the bottom-left corresponds 
to the reversal of the pinned layer, whereas the one on the upper right corresponds to the 
reversal of the free layer. In black are the loops in absence of external electric field and in red is 
the sub-loop of the free layer upon application of a negative voltage. (c) High-resolution 
transmission electron microscopy image of an archetypical multi-layer structure of a MTJ. 
 
Let us describe, as example, the operation principle of an ME-RAM with voltage-controlled 
anisotropy in the free layer. The basic idea is to grow a soft magnetic free-layer with no clearly 
defined magnetic easy axis, where voltage-tunable perpendicular anisotropy competes with in-
plane magnetic shape anisotropy. Application of voltage reduces the perpendicular anisotropy 
so that the magnetic stray field emanated by the pinned layer orients the free layer either parallel 
or antiparallel to its orientation (depending on the initial configuration of the two layers), to give 
rise to a decrease (or increase) of the magnetoresistance. Crossbar arrays (analogous to those 
utilized in neuro-morphic computing) are fabricated. To illustrate the switching process, let us 
consider a MRAM operating along the perpendicular-to-plane direction. First, the MTJ is resting 
in the high resistance configuration “a” in Fig. 25(b), corresponding to an effective magnetic field 
Heff,a. The magnetoresistance is high (state “1”) because the two layers are essentially antiparallel 



to each other. When a negative electric field is applied, HC in the free layer decreases. As a 
consequence, the free layer is forced to relax to state “b” for the given field Heff,a. Once voltage 
is removed, the two layers remain parallel to each other since no external magnetic field is 
applied to vary Heff (state “c”). Hence, keeping constant the Heff,a value, the tunnel junction will 
change from a high resistance state “1” to a low resistance state “0” upon voltage application. 
Analogously, the magnetic state could be reversed from “0” to “1” by applying the same 
reasoning from configuration “d” to “e”. 
 
Remarkably, in the long-term, the use of ME materials could be also relevant in the search for 
alternatives to current computing methods. So far, computers rely on Von Neumann’s 
architecture in which data processing and storing take place in different sub-devices (i.e., central 
processing unit and memory, respectively) bridged by the communication bus. This is not only 

detrimental to data processing speed but also to energy efficiency, making the search for new 
computing configurations fundamental for information technology. Neuromorphic computing 
relying on the use of devices that emulate the electrical behavior of the biological synapse (i.e., 
brain-inspired computing), which is the memory and learning element of the brain, has emerged 
as an alternative, envisaging simultaneous low-power information storage/processing. The 
magneto-ionic approach, which ensures remarkable energy-efficient and robust tuning of the 
magnetic properties, might be a firm candidate to mimic synapse’s way of functioning [461].  

 

3.4. Other Devices 
 
3.4.1. Tunable Inductors 
 
As one of the basic passive components in electronic circuits, different design approaches for 
inductors for RF communication systems have been developed in the past few decades. Owing 
to the simple fabrication process and high inductance density, magnetic inductors are the 
frequently-used method among them. For magnetic inductor applications in the RF domain, 
there is a tradeoff between high inductance density, Q-factor and the frequency extension due 
to lower relative permeability under higher ferromagnetic resonance (FMR) frequency. Inductors 
with tunable inductance and frequency are always desired for achieving reconfigurable 
electronics. Here, the tunable inductor allows for changing inductance and working frequency 
under an external controlling signal, such as magnetic field, DC voltage, etc. There have been 
various techniques designed to realize tunability for passive MEMS inductors: changing the turns 
of coil by using switches [462]; applying DC current bias [463]; ME coupling [35, 36]; etc. 
Nevertheless, none of these tuning approaches is perfect and a tradeoff has to be made 
according to practical applications. Our work has been focused on achieving high inductance 
tunability and high Q-factor by utilizing the strong inverse ME coupling in ME heterostructures. 
The inductor can be easily tuned by applying a magnetic field, which is due to the change of 
magnetic anisotropy. For electric field tuning, the magnetic permeability is controlled by the 
strain-mediated ME coupling, which is a combination of piezoelectric and magnetostrictive 
effects. A high peak Q-factor of 32.7 and a constant inductance of 1.4 nH at the operation 
frequency of 1 GHz were realized by Chen et al. [36] By exploiting the ME coupling between 



magnetostrictive iron gallium boron (FeGaB) multilayers and a lead magnesium niobate titanate 
(PMN-PT) piezoelectric slab, a high inductance tunability of 69.2 % and 191 % were demonstrated 
under magnetic and electric field tuning, respectively. 
 
As shown in Fig. 26(a), a summary of Q-factor and inductance density of the state-of-the-art 
magnetic inductors with various structure (spiral, solenoid, stripline and meander) and operating 
frequencies is presented. Compared to other structures, the spiral and solenoid inductors are 
more compact and have higher inductance density. However, the complex fabrication process 
and parasitic capacitance need to be considered for the tradeoff. One example of the tunable 
solenoid inductor is presented below. The SEM top view and 3D structure of the integrated 
inductor based on ME coupling with 3.5 turns are shown in Fig. 26(b) and (c). Higher efficiency 
can be achieved by confining the magnetic flux inside the coils along the length direction. Due to 
the benefits of FeGaB/Al2O3 multilayer, such as large magnetostriction constant, high self-biased 
FMR frequency, low eddy current loss, etc. [378, 379], high Q-factor inductors were obtained. A 
magnetic field along the length direction of the inductor was applied for testing its magnetic field 
tunability. The inductance and Q-factor as a function of frequency under different applied 
magnetic field were measured and displayed in Fig. 27(a) and (b). The inductance remains almost 
unchanged over a wide frequency range from DC to 3 GHz. Upon increasing the bias magnetic 
field from 0 to 50 mT, the inductance decreases continuously, and a maximum tunability of 69.2 % 
is achieved due to the decreases in the relative permeability of the magnetic multilayer. Opposite 
to the change in inductance, the Q-factor increases by 67.9 % because of the decrease in eddy 
current loss. As shown in Fig. 27(c) and (d), for voltage tuning, the inductance increases from 1.2 
to 3.5 nH by applying an out-of-plane electric field from 0 to 10 kV/cm. The Q-factor also 
increases from 0.5 to 2 GHz, and the highest inductance tunability of 191 % is obtained at 1.5 GHz. 
Compared with other inductor designs, this design has a continuous and large inductance 
tunability. Resulting from the simple device structure, its long-term performance is also stable. 
However, the main shortcoming of low Q-factor limits the application of this inductor structure. 



 
Fig. 26. (a) Q-factor and inductance density of the state-of-the-art magnetic inductors with 
various structure and operating frequency. (b) SEM top view and (c) schematic of the integrated 
RF MEMS inductor. Reprinted with permission from H. Chen et al. IEEE Transactions on 
Microwave Theory and Techniques, 68(3), 951-963, 2020 [36]. Copyright [2020], IEEE. 
 



 
Fig. 27. Tunability of the solenoid inductor. (a) Inductance and (b) Q-factor of the tunable 
inductor under magnetic field from 0 to 50 mT. (c) Inductance and (d) Q-factor of the tunable 
inductor under electric field from 0 to 10 kV/cm. Reproduced with permission from H. Chen et al. 
IEEE Transactions on Microwave Theory and Techniques, 68(3), 951-963, 2020 [36]. Copyright 
[2020], IEEE. 
 
3.4.2. Tunable Filters 
 
Filters have been widely used in electronic systems for removing unwanted signals. Ultra-wide 
band (UWB) and low-loss filters with dual magnetic and electric field tunability are highly desired 
in modern electronic systems such as reconfigurable and multiband communication systems. 
One of the most widely used tunable filters is the yttrium-iron-garnet (YIG) magnetic resonator, 
which has a high Q-factor and multi-octave bandwidths [464-466]. Compared to tunable 
magnetic filters, electrostatically tunable filters are more lightweight, compact and power 
efficient. In addition, such ME tunable filters provide more design flexibility for both electric and 
magnetic field tunability. Another competitive design technique for achieving low loss and low-
power-consuming tunable filters is based on MEMS varactors and switches [467, 468]. By utilizing 
the non-reciprocal performance of magnetostatic surface wave (MSSW) in magnetic films, Lin et 
al. demonstrated the first non-reciprocal MEMS bandpass filter with dual H- and E-field tunability 



[39]. The filter is designed with an inverted-S-shaped structure, which is coupled with a rotated 
NiZn ferrite film. The optical image and schematic of the fabricated filter are shown in Fig. 28(a) 
and (b), respectively. The magnetic phase NiZn ferrite slab is deposited by a spin spray method 
that is fast and low cost. After that, the backside of the Si substrate is removed by deep reactive 
ion etching (DRIE) technique and glued to a (011) cut PMN-PT slab to form an ME heterostructure. 
The magnetic field tunability of the bandpass ME filter is demonstrated by measuring S 
parameters and shown in Fig. 28(c) and (d). By increasing the DC bias field from 10 mT to 40 mT, 
the resonance frequency is tuned from 3.78 GHz to 5.27 GHz, which indicates a frequency 
tunability of 0.5 GHz/10 mT. All the reflection coefficients S11 are below -20 dB, therefore, most 
of the energy is absorbed by the NiZn ferrite film. After bonding to the PMN-PT slab, the 
voltage-tunable behavior of S11 and S21 are measured and presented in Fig. 28(e) and (f). As the 
central frequency increases from 2.075 GHz to 2.295 GHz under an electric field of 4 kV/cm, a 
frequency tunability of 55 MHz/(kV/cm) is achieved. 
 

 
Fig. 28. (a) Optical and (b) schematic of the integrated ME bandpass filter. (c) S21 and (d) S11 of 
the filter tuned by H-field. (e) S21 and (f) S11 of the filter tuned by E-field. Reproduced with 
permission from H. Lin et al. IEEE MTT-S International Microwave Symposium, 2015 [39]. 
Copyright [2015], IEEE.  
 
More recently, a tunable RF bandpass filter based on MEMS ME resonators with contour mode 
of transmission was reported [40]. The phase locking between two coupled ring-shaped 
resonators composed of magnetostrictive FeGaB and piezoelectric AlN ME heterostructures 
enables the demonstration of an E- and H-field-tunable bandpass filter. Fig. 29(a) shows the 
schematic of the layered structure of the tunable MEMS filter, in which a gap of 2 μm is designed 
between two ring-shaped FBAR resonators with FeGaB/AlN multilayer. Due to the strong ME 
coupling within the ME heterostructures, the acoustic waves can be strongly coupled to the 



electromagnetic waves. The measured S parameters of the filter under zero bias field is 
presented in Fig. 29(b), showing a return loss of -11.15 dB and insertion loss of 3.57 dB at the 
operation frequency of 93.165 MHz, with a Q-factor of 252. Because of the ΔE effect, which 
changes the Young’s modulus of a magnetostrictive material under a magnetic field, the central 
frequency of the ME filter will change when a magnetic field is applied. In Fig. 29(c), the measured 
central frequency as a function of applied DC magnetic field is presented, and a frequency 
tunability of 50 Hz/μT is achieved. By applying a DC bias voltage, the E-field frequency tunability 
is extracted to be 2.3 kHz/V, as shown in Fig. 29(d). This tunable RF bandpass filter, based on 
MEMS technology, is compact and compatible with CMOS technology. 

 
Fig. 29. (a) Schematic of the ME filter with two coupled ring-shaped FBAR resonators. (b) 
Measured S parameters of the ME filter under zero bias field. (c) Measured resonant frequency 
as a function of applied DC magnetic field. Inset shows the SEM image of the released ring-shaped 
resonators. (d) Measured resonant frequency versus DC bias voltage across thickness of the AlN 
film. Inset shows the top-down optical image of the ME filter. Reprinted with permission from H. 
Lin et al. IEEE MTT-S International Microwave Symposium, 2016 [40]. Copyright [2016], IEEE. 
 
3.4.3. Isolators and Gyrators 
 
Non-reciprocal isolators, which allows the microwave power transmission in one direction only, 
have unique applications for signal processing in electronic systems. In the microwave frequency 
range, ferrite-based waveguides are the most common way to realize the non-reciprocal isolator 



[469]. However, they are not suitable for applications below MHz because of their heavy and 
large construction. In the low frequency range, active circuits with transistors and operational 
amplifiers are more appropriate for the realization of non-reciprocal isolators [470]. For scenarios 
requiring zero power consumption, such active circuits are avoided. Tu et al. recently 
demonstrated a passive isolator based on ME laminate composites [471]. The gyrator based on 
ME interactions was first proposed by B. Tellegen [472] and demonstrated by S. Dong [473] et al. 
by utilizing magnetostrictive/piezoelectric laminate composites. The size of isolators constructed 
by using such ME gyrators is much smaller than that of ferrite-based isolators. The schematic of 
the two-port ME gyrator is shown in Fig. 30(a), in which the PZT slab is sandwiched between two 
stacks of Metglas layers. The ME laminate is wrapped by a 30-turn enameled copper coil, which 
serves as port 1. The electrodes on the bottom and top of the PZT slab are defined as port 2. Fig. 
30(b) details the equivalent circuit model of the proposed gyrator and isolator, where Rm, Lm, Cm, 
are the motional resistance, inductance and capacitance of the mechanical resonator; Rp and Cp 
denote the resistance and capacitance of the PZT layer; η represents the gyration ratio; Rc and Lc 
are the resistance and inductance of the coil; ZL is the load impedance; L1, L2, C1, C2 are the 
inductance and capacitance of the impedance matching networks. The measured and calculated 
S parameters of the two-port ME isolator are presented in Fig. 30(c) and (d). The forward and 
insertion loss and reverse isolation at the operation frequency of 125 kHz are 4.7 dB and 19 dB, 
respectively. This indicates that signal power is transmitted in the forward direction and 
considerably diminished in the reverse direction. A good impedance matching at port 1 and 2 can 
be seen from S11 and S22 results as shown in Fig. 30(d). The calculated magnitudes of S parameters 
from the equivalent circuit in Fig. 30(b) are also plotted in Fig. 30(c) and (d). The good agreement 
between the measured and calculated data verifies the accuracy and validity of the proposed 
equivalent circuit model.  



 
Fig. 30. (a) Schematic of the two-port ME gyrator. (b) Equivalent circuit model of the proposed 
gyrator and isolator. (c) Measured and calculated S12 and S21 of the ME isolator. (d) Measured 
and calculated S11 and S22 of the ME isolator. Reproduced with permission from C. Tu et al. 
Applied Physics Letters, 262904, 2018 [471]. Copyright [2018], AIP Publishing. 
 
 
4. Conclusions 
 
During the last decade, a variety of ME devices based on the strain-mediated 
piezoelectric/magnetostrictive heterostructures have been built and their performance has been 
enhanced significantly thanks to the strong ME coupling at the mechanical resonance. In turn, 
novel mechanisms to induce converse ME effects (such as electric surface charging or magneto-
ionics) are emerging and can pave the way towards new energy-efficient device functionalities, 
particularly in the domain of information technologies. In this review paper, we mainly devoted 
our efforts to the description and performance of different types of ME mechanisms, materials 
and devices that have attained a great deal of interest over recent years. Although lots of studies 
have been done on these systems, many opportunities and challenges still need to be addressed 
in the coming years. From the scientific point of view, disentangling of co-existing ME 
mechanisms for better design of materials, as well as understanding, modelling and 
characterizing of different devices incorporating piezoelectric/magnetostrictive heterostructures 
are of great importance for the multiferroic community. From the materials point of view, new 
ferroelectric materials with larger piezoelectric coefficients and new magnetostrictive materials 
with higher piezomagnetic coefficients are always desired. Concerning magneto-ionics, new 



engineering procedures to approach ns switching rates and improve cyclability are highly needed. 
This could be accomplished by precise control of the microstructure and ME coupling at <10 nm 
length scales as well as exploring protocols to use new ion species, such as hydrogen. From the 
perspective of engineering applications, integration and scale-up with existing silicon processing 
flows and electronics are in particularly valuable. Low-temperature process methods are desired 
for fabricating RF multiferroic devices with low loss as well. In addition, flexible ME devices that 
can be compatible with wearable electronics are also significant for developing functional device 
applications. Through better understanding of the mechanisms of ME materials and devices, the 
challenges for multifunctional ME devices may be overcome and the promising future for 
applications realized.  These research activities will likely facilitate developments within the 
multiferroic research community that will lead to large technological impacts on our daily lives.   
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