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Voltage-Control of Magnetism in All-Solid-State
and Solid/Liquid Magnetoelectric Composites

Alan Molinari,* Horst Hahn, and Robert Kruk*

The control of magnetism by means of low-power electric fields, rather

than dissipative flowing currents, has the potential to revolutionize con-
ventional methods of data storage and processing, sensing, and actuation.

A promising strategy relies on the utilization of magnetoelectric composites
to finely tune the interplay between electric and magnetic degrees of freedom
at the interface of two functional materials. Albeit early works predominantly
focused on the magnetoelectric coupling at solid/solid interfaces; however,
recently there has been an increased interest related to the opportuni-

ties offered by liquid-gating techniques. Here, a comparative overview on
voltage control of magnetism in all-solid-state and solid/liquid composites

is presented within the context of the principal coupling mediators, i.e.,
strain, charge carrier doping, and ionic intercalation. Further, an exhaustive
and critical discussion is carried out, concerning the suitability of using the
common definition of coupling coefficient o = AA_A: to compare the strength of
the interaction between electricity and magnetism among different magneto-

activities.'?l From a technological perspec-
tive, several low-power ME applications have
been envisioned, comprising devices for
memory storage and processing,!'*!* tuning
and filtering of RF/microwave signals,[1°)
energy conversion and harvesting,[1718l
sensing,'>2% and actuation.??2

By definition, the direct ME effect is
manifested when an electric polarization P
is induced by usage of a magnetic field H
in accordance with

AP=a, AH (1)

where op defines the direct ME coupling
coefficient. Alternatively, the converse ME
effect is realized when a magnetization M
arises from the application of an electric

electric systems.

1. Introduction

Today’s microelectronic and spintronic eras are witnessing an
ever growing impulse toward the realization of novel nanoscale
devices with enhanced functionalities as compared to their bulk
counterparts. In the panorama of phenomena enabling the con-
trol of material properties at the nanoscale, the magnetoelectric
(ME) effect, related to the coupling between magnetism and elec-
tricity in matter, holds a prominent role in world-wide research
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field E according to

AM=a. AE (2)

where o¢ denotes the conversel?l ME coupling coefficient. To
date, a major stream of research focuses on the investigation of
electric fields to control a variety of magnetic properties, including
magnetic anisotropy,?*32l magnetic transition temperature,33-#
magnetic moment,®=% spin polarization,’">?] exchange
bias,*>-7] ferromagnetic resonance,®°!l magnetic topology,®2¢3
and magnetoresistance.[*+¢7]

Materials that exhibit inherent coupling between magnetic
and electric degrees of freedom are classified into two broad cat-
egories, %8 the single-phase MEs and single-phase ME multifer-
roics (MFs). The former comprises those materials presenting
intrinsic interactions between electric and magnetic polarizabili-
ties. Cr,0; is one of the first discovered and most investigated
single-phase MEs,[®*7% concurrently displaying both antifer-
romagnetism and electric polarization. Under more stringent
requirements, single-phase ME MFs manifest an intrinsic con-
nection between ferromagnetic and ferroelectric orders, as for
example, in the well-known BiFeO; (BFO)"! and TbMnO3.”?!

Since the strength of the ME effect is related to the values
of electric and magnetic susceptibilities,”3] single-phase ME
MFs feature larger values of magnetoelectric coupling coeffi-
cient oo compared to single-phase MEs. For instance, in case of
Cr,0j3 the application of an electric field of 10° V ecm™ allows
to flip only a few ferromagnetically coupled spins in a lattice
containing around 10° antiferromagnetically coupled spins.”4l
By contrast, full macroscopic reversal of the spins in a single-
phase ME MF of Dy, ;TDb,3;FeO; was demonstrated upon appli-
cation of a lower electric field of 50 x 10° V cm .1
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Despite the promising results, there are a few factors ham-
pering the research on single-phase ME MFs. For instance,
it was found that, in nature, the conditions needed to con-
currently promote ferroelectricity and ferromagnetism are
generally unfavorable.””] Furthermore, besides the dearth of
single-phase ME MFs, often magnetic and electric ordering
occurs at cryogenic temperatures with values of polarization
and/or magnetization yet too small for practical applications.

A valuable workaround to circumvent the limitations asso-
ciated with single-phase materials is offered by artificial ME
composites. In these systems, the ME effect stems as a product
property between their constituents, which, taken singularly,
do not possess any inherent connection between electric and
magnetic properties.”® An intriguing advantage of artificial
ME composites is the accessibility to a broad parameters space,
including the combination of various materials, geometries,
and coupling mediators.

Since the ME effect is of interfacial origin, a deep under-
standing of the phenomena that take place at interfaces—or prop-
agate through them—is of crucial importance. The mechanisms
acting as mediator of the ME coupling in artificial composites can
be divided into three main groups (see Figure 1a). The first makes
use of the stress induced by a piezoelectric actuator to modify the
strain state of a magnetic material, and in turn also its magnetic
response via magnetostriction. The second, which finds inspira-
tion from the working principle of the field-effect transistor,””!
is based on the accumulation/depletion of charge carriers in
a magnet by the polarization of a gate material. The third con-
cerns the insertion/removal of ions into/from the lattice of a host
magnet by using an ionic conductor, akin to the charging/dis-
charging processes occurring in electrochemical batteries.

These coupling mediators operate at various length scales
with respect to the spatial effects on the magnetic properties
(see Figure 1Db). Charge doping is a surface or near-surface
effect, ionic migration can extend deeper into the bulk, whereas
strain intervenes on a broader macroscopic scale. Under certain
circumstances the ME effect may be the result of combina-
tion of multiple coupling mechanisms,*64%60.78] with the spe-
cific contributions not always straightforward to be identified.
In particular, distinguishing between electrostatic and electro-
chemical effects is a hotly debated topic in the literature.>79-82

In this respect, the physicochemical nature of the ME inter-
face plays a key role in determining the response of a magnetic
material upon application of an external electrical stimulus.
Since the renaissancel®d of the studies on ME effect, the vast
majority of research on artificial composites has focused on
voltage-control of magnetism in all-solid-state ME systems. A
typical configuration is represented by thin film heterostruc-
tures, where ME effect originates at the interface between two
solid materials. Nevertheless, in the last few years, the landscape
of ME systems has witnessed a growing interest stimulated by
a parallel stream of research based on liquid-gating techniques.
In this scenario, a magnetic material is put in contact with a
liquid electrolyte solution. Differently from the strong chemical
bonds formed at solid/solid interfaces, the main players pro-
moting the ME effect are the mobile ions of the electrolyte,
which can be accumulated onto (or pass through) the surface
of a magnet by means of an external voltage (more details about
this point are elaborated in the following sections).
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There are some nontrivial reasons explaining why solid/
liquid ME composites developed later than all-solid-state
approaches. From an experimental perspective, the usage of
conventional aqueous electrolytes poses some restrictions in
terms of the operating conditions. Concerning the applied
voltage, water electrolysis already occurs at a low voltage of
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Figure 1. a) Mediators of the ME effect in ME composite systems. b) Typical affected length scales in a magnetic material via voltage-driven strain,
charge carrier doping, and chemical intercalation. (b) Adapted with permission.®l Copyright 2015, Wiley.

about 1.2 V and irreversible electrochemical reactions may
occur at the electrode/electrolyte interface.® Besides, working
operation is restricted close to room temperature, given the lim-
ited temperature window between freezing and boiling points.
Further, certain electrolytes are toxicl®! or require careful han-
dling due to the risk of flammability.[8%l

Some of the above limitations are overcome by employing a
special class of nonaqueous electrolytes, the so-called ionic lig-
uids (ILs),”! which behave as low melting point salts. ILs can
withstand application of large voltages (up to about £3.5 V) prior
to decomposition and enable a broader temperature window in
the liquid phase (typically 200 K < T < 600 K). Interestingly, ILs
have also been effectively exploited in a frozen state to induce
insulating to superconducting transitions in SrTiO; (STO)®®
and KTa0;.8% In addition, ILs display a low vapor pressure,
implying a low risk of flammability and permitting to carry out
experiments under vacuum conditions.

A general disadvantage of liquid electrolytes is the require-
ment of a suitable (and often cumbersome) housing to avoid
spilling and degradation due to the interaction with the envi-
ronment. Yet, this issue has been partially solved by imple-
mentation of ion gels,®” consisting of semi-solid electrolyte
solutions made of ILs embedded in a polymer matrix.

Despite the presence of some obstacles hampering the study
of solid/liquid ME composites, they offer certain advantages
when compared to all-solid-state MEs. For instance, concerning
device fabrication, liquid gating methods permit to cover large
surface area samples regardless of their morphology, such as
thin films,*! nanoparticles,’” and porous materials,®!l by
simply pouring the desired amount of electrolyte onto the
specimen. On the contrary, the preparation of high-quality
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heterostructures with a low amount of structural defects, whose
presence causes detrimental effects such as the formation of
leakage current, can be very demanding in terms of optimiza-
tion of the growth conditions and generally requires the use
of costly deposition techniques, e.g., physical vapor deposition
methods.”?l Furthermore, in certain circumstances, electrolyte
gating has enabled stronger ME effects and significantly longer
device lifetimes than those of all-solid-state MEs.

In the following sections, we analyze points of strength and
criticalities of all-solid-state and solid/liquid ME composites in
the light of the primary coupling mechanisms (strain, charge car-
rier doping, and ionic intercalation) acting at the interface, which
enable the control of magnetism by application of electric fields.

2. ME Coupling via Strain

Strain-mediated ME effect is based on the idea of inducing
magnetostriction in a magnetic material by making use of
piezoelectricity.

A common configuration consists in the epitaxial growth
of a magnetic thin film directly onto a single-crystalline piezo-
electric substrate. By exploiting the structural phase transitions
occurring in a BaTiO; (BTO) substrate as a function of dif-
ferent temperatures, Lee et al.®®l reported on a 70% modifica-
tion of the magnetization in a 50 nm La; ,Sr,MnO; (LSMO)
epitaxial thin film. Afterward, Eerenstein et al.*”! demonstrated
the control of magnetization in similar LSMO/BTO epitaxial
heterostructures using strain-controlled coupling induced by
an external voltage. In this latter case, a giant modification of
the magnetization up to 65% was reported using an electric

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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field of 5-10 kV cm™. The effect persisted even in case of an
increase, removal, or reversal of the external voltage. The cal-
culated o exceeded the best values achieved in bulk ME com-
posites.?! Similar studies were carried out on other composite
oxide heterostructures of Pb(Mg;;3Nb;;3)07,Tig 2503 (PMN-PT)/
La;_,Ca,MnO; (LCMO),’8%] PMN-PT/LSMO,! and Fe;0,/
BTO.P]

Besides fully oxide systems, there has been a great interest
in combining ferromagnetic metal films, 2426l alloys,58-61:97-100]
and multilayers!'9-19l with piezoelectric materials. For instance,
changes of the magnetic coercivity up to 40% were observed in
Fe films deposited onto BTO substrates.?* Tunability of the fer-
romagnetic resonance and bistable magnetization switching
was shown to occur in FeGaB alloy films deposited onto lead
zinc niobate-lead titanate (PZN-PT).’8) Reversible switching of
magnetization from out-of-plane to in-plane was demonstrated
in Cu/Ni multilayers grown onto BTO.[102

One of the clearest examples of giant strain-mediated ME
coupling was evidenced by the studies of Cherifi et al.*®l on
FeRh/BTO heterostructures, where changes in magnetization
of up to 550 emu cm™ (with =70 emu cm™ of reversible effect)
were achieved close to room temperature by applying a voltage
of about £20 V (see Figure 2a). The presence of a butterfly-
like response of the magnetization with respect to the applied
voltage indicated that strain was the dominant driving force of
the ME effect. Nonetheless, a slight asymmetry in the experi-
mental data suggested also a small, but nonzero contribution
of electrostatic charge doping at the film/substrate interface.
The participation of both charge and strain comediated mecha-
nisms in the control of ME effect has been investigated in other
worksl78104105] 100, For instance, Nan et al.'%! demonstrated
the coexistence of strain and charge effects in NiFe/PMN-PT

350
a
| o g
300
r(,? —
IE 250
t.f T
-
S
2@ 200
=
S
©
N
T 1504 3020 ]
?o:)o - .;l\\-\ \ ‘//-/- "
© 1< 3015 - | ]
2 OO \-:_E \ \.:\ //I/ /
100 £ 3,010 LW
¢ e
| B !
e 50 0 50
50 - E
Voltage (V)
T T ' 4 T b4 T
=20 =10 0 10 20
Voltage (V)

www.advmat.de

composites, which displayed an enhanced ME coupling as
compared to NiFe/Cu/PMN-PT systems, since the Cu buffer
layer was responsible to suppress the contribution of interfacial
charge doping.

Further insights into the intricate mechanisms of strain-
coupling at the interface of magnetic films and piezoelectric
substrates have been provided by a recent study on FeRh/
PMN-PT composites,® which unveiled the presence of a
time-dependent ME response (either transient or permanent)
depending on the strength of the applied voltage.

In general, in order to have an effective strain coupling, a
magnetic film has to be grown directly onto a macroscopic
piezoelectric substrate rather than onto a piezoelectric film.
In this way, substrate clamping effects are avoided which
otherwise would hinder the propagation of strain through
the heterostructure. Notably, an ingenious approach was
proposed to overcome substrate clamping by fabrication
of vertically aligned ME composite structures.'06-198] For
example, electric-field driven reversal of magnetization was
observed in ferromagnetic CoFe,O, nanopillars embedded
in a ferroelectric BFO matrix.['%”] An alternative way to go
beyond the limits imposed by the substrate constraint is to
make use of flexible substrates. In this respect, strain-medi-
ated ME coupling was investigated in BFO films deposited
onto Ni tapes,['%! and in Ni films deposited onto compliant
polymer substrates.['!%]

Nonetheless, as a general remark, owing to the com-
monly needed bulk size of the piezoelectric element and the
consequently required application of hundreds of volts for
poling, strain-coupling in all-solid-state ME composites implies
some limitations in terms of device miniaturization and energy
efficiency.

L ]
—— electrolyte

interconnected
nanocrystals

Figure 2. a) Control of the magnetization by voltage-driven strain in FeRh films grown onto BTO substrate. Reproduced with permission.*s! Copyright
2014, Springer Nature. b) Sketch of the principle of voltage-induced strain in solid/liquid ME composite systems. Reproduced with permission.l'!]

Copyright 2003, AAAS.
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Apart from all-solid-state approach, a substantial strain can be
obtained by utilizing liquid electrolytes. In 2003, Weissmdiiller
et al.'!l discovered that charging with an electrolyte induces
in porous Pt a strain change of about 0.15% (see sketch in
Figure 2b), which is comparable to the magnitude achievable
with commercially available piezoceramics. The origin of strain
was attributed to the electrostatic pressure exerted by electric
double layer charging (more details in the following section)
within the interior of the crystallites. From an atomistic per-
spective, the change in strain is related to the modification of
the electronic population due to band filling, which affects the
equilibrium interatomic spacing. In this respect, strain is more
effective in porous materials and powders compared to thin
films, since the former are free to expand without being encum-
bered by the limitations arising from substrate clamping.

Concerning the field of ME coupling, about 1% tunability of
the magnetic susceptibility in nanocrystalline Pd immersed in
1 M KOH aqueous electrolyte was demonstrated by applying less
than 1 V.2 Similar studies were also conducted on NiPd,[!!3]
PdCo,M* and AuFe[' nanoporous alloys, all revealing a varia-
tion of magnetization not larger than a few percent.

3. ME Coupling via Charge Carrier Doping

Charge carrier doping via application of an electric field is prob-
ably the most widely investigated mechanism of ME coupling
in composite systems.

Figure 3a,b shows a simplified scheme of the principle of
electric field effect in all-solid-state and solid/liquid composite
devices. In both cases, the basic structure is represented by a
conventional capacitor, consisting of two conducting electrodes
separated by a polarizable gate material. In order to study the
ME effect, at least one of the two electrodes has to be a mag-
netic material (that is generally referred to as the working elec-
trode), whereas the gate material can be either a polarizable
solid (such as a dielectric or a ferroelectric) or an electrolyte.
In both instances, the application of an external voltage AV
between the electrodes induces the accumulation of charge car-
riers at the interface, a process known as electrostatic doping.

+ + + + + + +
Magnetic material

www.advmat.de

The induction of electrons (or holes) in the magnet alters its
electronic structure, hence affecting not only the electronic
transport, but also the magnetic properties.’7/11l

However, there is a fundamental difference in the behavior
of the electric field E: in all-solid-state devices E propagates
through the entire thickness (typically 10 nm < d < 500 nm) of
the dielectric (or ferroelectric), whereas in the case of electro-
lyte gating E is confined in the very proximity of the electrode
surface. An immediate consequence is that, in solid/liquid
composite devices, larger values of electric field (E = AV/d in
first approximation) are typically achieved using lower voltages,
thus resulting in lower energy consumptions. This is made
possible by the very nature of electrolyte gating: upon applica-
tion of an external voltage a thin layer of electrolyte counter-
ions is electrostatically physisorbed onto the electrode surface
and effectively screens the charge accumulated in the electrode
within a short distance of =1 nm. Such interfacial charge con-
figuration is denoted as electric double layer (EDL).['"”]

Apart from electrostatic doping via EDL charging, the situ-
ation is somewhat more complicated in solid/liquid devices,
since an additional mechanism of charge accumulation may
be occurring. Depending on the electrode/electrolyte chemical
compatibility, applied voltage, and working temperature, the
strong interfacial electric field can promote the chemisorption
(rather than the physisorption) of the electrolyte ions, with the
subsequent onset of electrochemical redox reactions.['18-121]
In this case, charge carriers are transferred across the elec-
trode/electrolyte interface, implying the presence of a faradaic
rather than an electrostatic process. The systems characterized
by reversible charging/discharging processes via redox reac-
tions are referred as pseudocapacitors.''®11% Examples of elec-
trode materials prone to pseudocapacitive behavior are VN, 122
M00,,123  MoN,124  MnO,155-128  Fe,0,,129130  Co0,,[131]
NiO,l124l Nb,05,[134 LaMnO;,133] and LSMO.*! Notably, pseu-
docapacitors are of potential interest for investigation of ME
effect, because several of them incorporate 3d transition metals,
whose presence is a prerequisite for magnetism to occur.

Often, the lack of a clear distinction between electrostatic and
electrochemical charging mechanisms is a source of ambiguity
that calls for careful and systematic investigations.[*>7932 In this

b
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Figure 3. Principle of charge carrier doping in ME composites by gating with a) a polarizable solid or b) a liquid electrolyte. In the former case the
electric field propagates through the entire thickness of the dielectric (or ferroelectric), whereas in the latter scenario the electric field is confined in
proximity of the surface of the magnetic electrode. In both instances the charge carriers are accumulated at the interface.
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regard, the analysis of the charging current-voltage (I/V) char-
acteristics provides a precious tool to differentiate the main fea-
tures of electrostatic and electrochemical charging. Specifically,
a nearly rectangular-like shape of the I/V curves is expected
for a capacitive behavior (electrostatic doping), whereas forma-
tion of more or less pronounced bumps should be present in
the case of redox pseudocapacitance (electrochemical charge
transfer).[**120121 Caution should be taken when the voltage is
not swept quasi-continuously, but is kept fixed for a prolonged
period of time (several minutes). Indeed, in a same ME system
different response scenarios could be feasible when time-
dependent mechanisms (e.g., ionic diffusion) become active.

Apart from the nature of the polarizable gate material, the
electronic configuration of the magnet plays a key role in
determining the response of the ME effect. If the magnet is
in a metallic state, the applied E is screened by the high con-
centration of free charge carriers (e.g., n = 10 cm™ in Fe)
at the very proximity of the surface, since the Thomas—Fermi
screening length is of the order of 1 A. On the other hand, in
case of magnetic semiconductors,B®l the lower charge carrier
density (typically n < 10%° cm™) allows the electric field to pen-
etrate several nanometers into the material, thus affecting a
bigger portion of the magnetic volume. Therefore, in order to
optimize the ME effect, a careful adjustment of the surface-to-
volume ratio of the devices is required.

Besides the electric field, another relevant parameter that
determines the magnitude of ME effect is the surface charge
density AQ that can be accumulated/depleted in the magnetic
electrode (see Table 1). High-x dielectrics as SiO,, TiO,, Al,O;3,
or HfO, can induce a surface charge of about 1-3 pC cm
(i-e., 103 cm™2), ferroelectrics as BTO, Pb(Zr;_,Ti,)O; (PZT),

Table 1. List of dielectric constant k, total variation of surface charge
density AQ, and capacitance C of typical gate materials. The capacitance
of solid dielectrics and ferroelectrics is estimated on the basis of the
values of k reported in the literature and assuming a dielectric thickness
of 300 nm.

Gating type Material K AQUCcm™  C[uFcm?
Dielectric Sio, 21 3.9 1-3 0.01
AlLO,[137] 8-9 =1 0.02
Hfo,212 20-25 =1 ~0.07
ZrO,134 22-25 1-10 ~0.07
TiO, 213 50-80 1-2 =0.2
STOIES] 200-400 8-13 ~0.9
Ferroelectric BTORM =3800 =60 1
PMN-PT{'3] ~3000 =110 9
pZTI21€] ~5000 =140 15
BFOI 30-300 =140 =0.9
Electrolyte KOH/H,01=" - - 3-14
LiClo,/ - 22 27.5
C4HgO,18!
DEME-TFSI 14.5 250 10-180
EMIM-TFSI 12 250 1
KClO,-PEOIZ'8 =10 - 7.4
TMPA-TFSI8] =10 - =10
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or BFO can reach up to 30-80 uC cm™ (i.e., =10 cm™),
whereas electrolytes can overcome the former by exceeding
values of 100 uC cm™ (i.e., up to =10"%¢~ cm™2).

Since the induction of a surface charge implies the appli-
cation of an external voltage, another commonly used figure
of merit is the capacitance C = AQ/AV (also expressed as
C =gk with g, =8.85 1072 F m™! the permittivity of vacuum,
Kk the permittivity of the dielectric material, S the surface area
of the capacitor, and d the thickness of the dielectric). In gen-
eral, systems with large values of C are preferable, because
they enable large accumulation of surface charge by using low
voltages. Conventional EDL capacitors provide values of capaci-
tance of about 5-20 uF cm™2,['"7] whereas pseudocapacitors can
reach 10-100 times larger values of C.[11811]

After a brief description of the main mechanisms of charge
carrier doping and associated parameters, we shall now pre-
sent a survey of the results of charge-mediated ME coupling in
all-solid-state and solid/liquid ME composites reported in the
literature.

Early studies on electric field control of ferromagnetism were
pioneered in 2000 by Ohno et al. in all-solid-state ME devices
of magnetic semiconductors gated with solid dielectrics.**l The
group succeeded in switching from a ferromagnetic to a para-
magnetic state a thin film (5 nm) of (In,Mn)As covered with a
thick (800 nm) insulating polymide layer by applying an external
voltage of £125 V at 20 K. The estimated shift of Tc was around
+1 K. Subsequently, reversal of magnetization and a T shift
of +2 K were demonstrated in (In,Mn)As/SiO, composites by
exploiting the change in magnetic coercivity induced by a sur-
face charge modulation of 2.7 x 10'2 cm 24 Following studies
focused on (Ga,Mn)As thin films gated with dielectric ZrO,/***
or ferroelectric P(VDF-TrFE).3% The latter demonstrated an
overall shift in T of =4 K together with nonvolatility of the
ME effect. Afterward, nanodots of (Ga,Mn)As!'*%l and quantum
dots of (MngsGegos),l'*”) respectively gated with HfO, and
Al,O5 dielectrics, were studied as well. Despite the remarkable
achievements, the main factor preventing the use of magnetic
semiconductors in practical applications is the low temperature
ferromagnetism (typically manifested below 100 K).

Differently from magnetic semiconductors, magnetic transi-
tion metals (e.g., Fe, Co, Ni) benefit from a higher Curie tem-
perature, but feature a lower penetration depth of the electric
field. Thus, ultrathin films (often below 1 nm) are generally
chosen for electric field induced manipulation of magnetiza-
tion. Maruyama et al.'3®¥ reported on a magnetic anisotropy
change of up to 40% in about four monolayers of Fe covered
with a MgO (10 nm)/polymide (1500 nm) dielectric structure
under the application of 200 V. Chiba et al.'*1 achieved a T
shift of 12 K at room temperature in a 0.4 nm thick Co layer
gated with a MgO (2 nm)/HfO, (50 nm) bilayer using a voltage
of £10 V. From a microscopic perspective, electric field control
of magnetic domain wall motion was examined in ultrathin
Co films charged with AlO,["% and HfO,.*l Magnetiza-
tion reversal via electric field effect has been used to control
the tunneling magnetoresistance in FegyCo,, (0.7 nm)/MgO
(1.5 nm)/Fe (10 nm) and in CoyyFeyB,0 (1.2 nm)/MgO (2 nm)/
CoyoFeqByg (1.6 nm) trilayers.[142:143]

Another common choice for investigating the effect of an
electric field on the magnetism is represented by the class of
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magnetic and conducting oxides, such as LSMO, SrRuOj; (SRO),
La;_,Sr,CoO; (LSCO), or Sr,FeMoOg, which display charge car-
rier densities close to pure metals (102 cm™ < n < 10?2 cm™).
In addition, several of these complex oxides possess a similar
crystal structure (i.e., perovskite) and lattice parameter of con-
ventional dielectrics and ferroelectrics, e.g., STO, BTO, PZT,
and BFO, hence facilitating the conditions for the growth of
high quality epitaxial heterostructures with virtually defect-free
interfaces.l? Electric field effect has attracted particular atten-
tion in strongly correlated magnetic oxides, because in such
systems the magnetic and transport properties are intrinsically
correlated with each other. In a pioneering experiment of 1997,
Mathews et al.[*l grew an epitaxial heterostructure of LCMO
(30 nm)/PZT (300 nm) on top of a (001)-oriented LaAlOj; single-
crystalline substrate, with a configuration similar to that of a
field effect transistor. By poling the ferroelectric with a voltage
of 7V, a 300% modulation in LCMO resistance was attained.
Afterward, magnetotransport measurements were carried out
in several other manganite/dielectric composite heterostruc-
tures. Hong et al.3>1*4 reported on a shift of 35 K and 50 K
in the metal-to-insulator transition Ty (reflecting an equal
change in T¢) of LSMO/PZT devices. Interestingly, an electri-
cally dead layer was found in LSMO films thinner than 3.7 nm,
regardless of the polarization state of the PZT layer. The results
on LSMO films with different thicknesses indicated an electric
field screening length of the order of 0.2 nm. Afterward, Kanki
et al.l'") tracked the magnetization and conductivity in a field
effect LaggsBag 1sMnO;/PZT device, obtaining a shift of Ty; of
only =1.5 K, but differently from previous works, this was real-
ized at room temperature. In other studies, STO was utilized
as gate dielectric in combination with thin films of LSMO.
Pallecchi et al.l®) observed a maximum shift in Ty of 43 K and
a resistivity modulation of up to 250% in 7 unit cells LSMO
films. On the other hand, thinner LSMO films were insulating
and almost insensitive to field effect modulation. Brivio et al.l*’]
put to test the effect of back-gated (Ag/LSMO/STO/STO:Nb
substrate) and top-gated (Au/STO/LSMO/STO substrate)
geometries. Upon charge carrier doping, the former configura-
tion did not produce any measurable variation in T, whereas
in the latter case a shift of 5 K was found at room temperature.
The reason for the different responses was ascribed to the pres-
ence of an electric dead layer at the LSMO/STO interface in the
back-gated setup. Additional studies conducted on LSMO/PZT
heterostructures via quantitative techniques, such as supercon-
ducting quantum interference device magnetometry and (cali-
brated) magneto-optical Kerr effect, revealed variations in both
the critical temperature (of up to 20 K) and magnetization of
LSMO, after PZT poling.?®3%#1 For instance, as evidenced by
Leufke et al.,[*!] the nearly perfect superposition of the ferroelec-
tric and ferromagnetic hysteresis loops (see Figure 4a) provided
strong evidence that charge carrier doping rather than strain
was the dominant mechanism of ME coupling. Lu et al.l'#¢]
found that thicker LSMO films, in the range of 10-50 nm,
gated with BTO did not manifest any significant shift in Tc. In
addition, the authors estimated a maximum relative variation
of LSMO magnetization of about 27% for the thinnest (10 nm)
LSMO sample, and, in contrast with previous reports,!'* a pen-
etration depth of the electric field of up to 3 nm. The latter value
corresponded to the expected LSMO thickness to completely
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Figure 4. a) Comparison of ferromagnetic and ferroelectric hysteresis
loops in LSMO/PZT heterostructure films. Reproduced with permission.*!]
Copyright 2013, American Physical Society. b) Reversible on—off switching
of magnetism in LSMO films upon surface charge modulation via ionic
liquid gating. Reproduced with permission.*sl Copyright 2018, Wiley.

suppress the magnetization considering the total interfacial
charge accumulated by poling the BTO ferroelectric.

The intriguing characteristics of fully oxide heterostructures
fostered the analyses of several other materials combinations,
such as LCMO/BFO,!'*1 SRO/STO,” SRO/BTO,*! Fe;0,/
BTO,["*) CaMnO;/CaRu03,*% and LSMO/PZT.[151.152

The investigation of charge carrier doping in solid/liquid
ME composites started in 2007, at a later stage than the sem-
inal studies on all-solid-state ME composites, when Weisheit
et al.B% demonstrated a change of 4.5% in the magnetic coer-
civity of FePt ultrathin films (=2 nm) immersed in a non-
aqueous electrolyte, at room temperature, with application of
just 0.6 V. Thereafter, other ferromagnetic metals and alloys,
magnetic semiconductors, and magnetic oxides were analyzed
via electrolyte gating.

Concerning magnetic metals, Shimamura et al.l*! exam-
ined ultrathin films (0.4 nm) of Co capped with a protective
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MgO layer (2 nm) and gated with 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMI-TFSI) IL. A large shift
in T¢ of about 100 K was observed upon application of £2 V for
30-60 min and attributed to EDL charging. A more recent work
on ultrathin Co films gated with diethylmethyl(2-methoxy-
ethyllammonium bis(trifluoromethylsulfonyl)imide (DEME-
TFSI) IL revealed the presence of different charging regimes
depending on the applied voltage.'>3] Reversible electrostatic
doping leading to a shift of up to 219 Oe in the ferromagnetic
resonance field was seen for —1.5 < V < 1.5, whereas larger
voltages triggered irreversible electrochemical reactions at the
interface, accompanied by decomposition of the Co electrode.
With respect to magnetic alloys, electrolyte gating was used as a
viable means to substantially reduce the magnetic coercivity of
CuNil3Z and FeCul™4 porous films.

In case of magnetic semiconductors, Yamada et al.?® man-
aged to trigger a transition from a low-carrier paramagnetic
state to a high-carrier ferromagnetic state in (Ti,Co)O, films
using two kinds of electrolytes (DEME-TFSI IL and CsClO, dis-
solved in polyethylene oxide (PEO)). Besides, a 14 K shift in T¢
was attained in magnetic semiconductor films of (Ga,Mn)As
gated with a polymer electrolyte (KClO, in PEO) by applying
a voltage ranging from -1 to 3 V, although irreversible effects
were observed beyond 2 V.I'>]

A large portion of the research on solid/liquid MEs pertains
the gating of magnetic oxides, which often exhibit a robust
resistance against the possible occurrence of irreversible elec-
trochemical reactions. In 2013, Mishra et al.*® reversibly
tuned the magnetization up to 2.5% of a LSMO nanopowder
immersed in a liquid electrolyte by an electrostatic surface
charge modulation of 22 pC cm™2, using a potential window of
less than 1 V at room temperature. Subsequently, quantitative
studies of ME coupling in epitaxial films of LSMO gated with
DEME-TFSI IL revealed that the interfacial charging processes
progressively move from electrostatic doping to surface redox
pseudocapacitance upon increasing the external voltage.*”] In
case of 13 nm films, the attained large values of surface charge
up to 250 uC cm™ enabled a maximum reversible modula-
tion in magnetization of about 30% at room temperature. By
optimizing the surface to volume ratio of the devices, repeated
suppression and recovery of ferromagnetism, with a T shift
of about 26 K, was demonstrated in ultrathin LSMO films
(=3 nm)."J In addition, the magnetic response was flexibly
modulated in-phase or antiphase with respect to the induced
surface charge by judiciously adjusting the applied bias voltage
(see Figure 4b). Several other comprehensive studies contrib-
uted to disentangle the complex relationship between charge
carrier doping and magnetism in electrolyte-gated magnetic
oxides, including investigations on LCMO,[B%1 LSMO, 13156l
LaMnO;,* Pry_(Ca;_,Sr,), MnO;, 57138 LSCO,B2 Fe;0,,1159)
and y-Fe,04.1160]

4. ME Coupling via lonic Intercalation

If electrostatic and electrochemical charge doping mechanisms
are primarily surface effects, voltage-driven chemical intercala-
tion of ionic species opens a new pathway to the control of mag-
netism in bulk materials. Recently, the field of magnetoionics
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has generated a flurry of research activities, based on the idea
of mimicking the working principles of electrochemical bat-
teries or fuel cells.

GdO,, a rare earth oxide with a large mobility of oxygen ions,
has been exploited as a solid state oxygen reservoir in combi-
nation with magnetic metals.?®161-163] By applying an external
voltage, the oxidation front at the interface of Co/GdO, het-
erostructures®®! could be moved back and forth, which in turn
allowed to toggle the easy axis of the magnetization direction
from out-of-plane to in-plane in a few monolayers of Co (see
Figure 5a). At room temperature, the switching process required
application of 5-10 V for several minutes. However, it was proven
that usage of a higher temperature of about 100 °C or local laser-
heating strongly enhanced the O%" diffusion, which enabled a
dramatic reduction in the ME response time down to hundreds
of microseconds. Afterward, Gilbert et al.'®?l demonstrated a
semi-reversible control of bulk magnetization in thicker Co films
(15 nm) via voltage-driven O%" diffusion from a GdO,, film.

Apart from oxygen ions, an alternative carrier used in solid-
state magnetoionics is represented by Li* cations.[1*#1%] In this
respect, Zhu et al.l'*! reported on =100% magnetization modu-
lation of magnetic domains and reversible domain wall motion
over a distance of =100 nm in SRO/LiFesOg layers, by control-
ling the deintercalation/intercalation of Li* ions.

If the majority of studies on ME effect via strain and charge
doping mechanisms focus on all-solid-state devices, owing

ooy Yooy el ok ey oyeryokey =3V

50%++++++++ AAAALAAALAAA

0 600 1,200 1,800 2,400
Time (s)

w

o
P
N
P—
e
e
S
= e
B Rcoue
Sy e
N
B
~
Potential (V)

75 NNV . 1
—_ A i 2 . . ; :

[ { ; i i 7 i il : f f

70k L | sl ¢ ] LA f A
:\E‘o ‘\ ]’l il f‘ il i\\ l‘\ I‘\ f“| ,“| "‘l "‘
stypnbnt i e e
g =eof LN VTV AT S
g E SRUIRVIRERY! ARTTARIF SR FARIIER ISR AR
g o f
= E 50 + - . .

0 300 600 900 1200 1500

Time (min)

Figure 5. a) Modulation of the magnetic coercivity via voltage-controlled
oxygen ions diffusion in Co/GdO, heterostructures. Reproduced with
permission.8l Copyright 2015, Springer Nature. b) Reversible control
of the magnetization upon voltage-driven migration of lithium ions in
¥-Fe,O3 powder immersed in Li-based electrolyte. Reproduced with
permission.P% Copyright 2014, Wiley.
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to the widespread success of electrochemical lithium bat-
teries, a vast portion of the research on magnetoionics is cov-
ered by solid/liquid composites. One of the first examples of
insertion/removal of Li* ions into/out of the lattice of a host
magnet was shown by Dasgupta et al.,”® who succeeded in
obtaining a reversible magnetic modulation of =30% at room
temperature in a lithiated/delithiated 9-Fe,0O; powder (see
Figure 5b). This compound was selected because its crystal
structure (inverse spinel) contains several vacancy sites, whose
presence facilitates the migration of Li*. Furthermore, the
applied voltage was carefully chosen within a specific poten-
tial window in order to insert/remove the cations without dis-
rupting the crystal structure of the electrode. This novel and
effective approach permitted a high cycling stability upon
charging/discharging the devices several times. Thereafter,
following a similar approach, a larger variation of magnetiza-
tion up to 50% and 70% was obtained in bulk CuFe,0, and
ZnFe,0, powders,* respectively. An ample literature con-
cerning the control of magnetism via lithiation is now available,
including the studies on o-LiFesOg,'%! o-Fe,0;,51 Fe;0,,11%7]
CoFe,04,?1  CoysNiysFe,04,21  NiFe,0,,21 MnFe,0,,[1%
LiNi,Mn,C0,0,,1917% " and  donor/acceptor ~metal-organic
frameworks.['71]

Besides lithium migration, oxygen diffusion has also been
used to control the magnetic properties in the near-surface
regions and in the bulk of magnetic materials in contact
with liquid electrolytes. A magnetization change of up to
64% and 86% was respectively attained in thin films!'’ and
nanoislands'”3! of iron covered with 1 m KOH aqueous solu-
tion via quasi-reversible electrooxidation and electroreduction
processes. A similar approach was also exploited to manipulate
the magnetization and coercivity of electrolyte-gated FePt!'74
and CoPt!7! alloys.

Regarding magnetic oxides, investigations on LSMO/IL
devices'7®177] pointed out the formation and annihilation of
oxygen vacancies affecting deep portions (down to 20 nm) of
the magnetic film when large voltages were applied for pro-
longed periods of time, which caused a substantial variation of
the metal-to-insulator transition temperature. Similar results
were also attained in ion gel gated LSCO films,['”8l where depth
profile measurements revealed that the oxygen vacancies were
present through the entire film thickness (=40 unit cells). Fur-
ther, a shift in the onset of magnetoresistance of up to 30 K was
induced by O~ migration in SRO films gated with EMI-TFSA
ion gel.l'”’l Notably, this work underlined also a strong depend-
ence of the mechanism of oxygen diffusion as a function of
the applied voltage ramp rate. Electrolyte-gated Co;0, films
featuring room-temperature paramagnetism displayed the
emergence of a ferromagnetic state due to creation of Co clus-
ters upon diffusion of oxygen ions.[18

So far, investigations on magnetoionics have been focused
on the voltage-control of single ionic species. Nonetheless, a
recent work by Lu et al.l'®! opened the way to greatly enrich the
functionality of materials by electric-field control of multistate
phase transformations. It was proven that IL-gated epitaxial
thin films of SrCoO, 5 (an antiferromagnetic insulator) can be
transformed into SrCoOs s (a ferromagnetic metal) upon oxi-
dation and HSrCoO, 5 (a weakly ferromagnetic insulator) upon
hydrogenation.
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5. Other Forms of ME Coupling

The spectrum of phenomena encompassing the electric-field
control of magnetism is not restricted to the conventional
mechanisms of strain, charge carrier doping, and ionic interca-
lation discussed above. Here, we mention some other relevant
approaches to realize the ME effect.

When a magnetic material is put in contact with either a
single-phase ME or a single-phase ME MF, the electric field
control of magnetism can be accomplished via interfacial
exchange coupling.>°¢%% Such ME phenomenon, which has
sparked intensive research in the area of spintronics, has been
widely discussed in comprehensive review articles.Bo13] A
prototypical system(®® featuring the mechanism of exchange
coupling is represented by ferromagnetic CogygFeq; grown in
contact with BFO (a ferroelectric antiferromagnet with weak
ferromagnetism due to spin canting): upon the application of
an electric field, the canted moment of BFO can be reversed
and this, in turn, permits to switch the magnetization direction
of CogqoFeg .

A peculiar form of charge-mediated ME effect was proposed
by combining solid/liquid polarizable gate materials.[!82-18¢]
Such hybrid gate configuration was utilized to reversibly con-
trol the interfacial magnetism in LSMO/PZT heterostructures
by means of IL-assisted polarization switching.[8

Conventionally, ME effect implies the modification of the
magnetic properties starting from a robust ferromagnetic mate-
rial. Nonetheless, studies have been reported on the emergence
of ferromagnetism stemming from a decrease in the electron
concentration at the LaAlO;/STO interface, both materials
known for being nonmagnetic oxides.'8”]

Another largely unexplored area of research is represented
by ME interactions in ferroelectric and ferromagnetic liquid
crystals.1881%9 They are composed of molecules with a high
degree of shape anisotropy, whose orientational state can be
readily manipulated by external stimuli, such as electric and
magnetic fields, and light irradiation.

Recently, electric field effect was exploited to write and erase
magnetic skyrmions.[®263 This new degree of freedom, related
to the control of complex magnetic topologies via application of
electric fields, may be potentially implemented for developing
novel racetrack memories.[°1192]

6. Comparison of Technologically Relevant ME
Characteristics

After a general presentation on the broad landscape of ME phe-
nomena and systems, we shall now critically discuss some of
the most relevant parameters in the perspective of potential ME
applications.

For long time, a major effort of the scientific community was
to find the best strategies in order to enhance the magnitude
of the ME effect. Conventionally, the converse ME coupling
coefficient, ac= aM (see Equation (2)), expressed in units
of [s m™!] or [Oe cm V7}], is used as benchmark to evaluate the
strength of the ME coupling. Despite its rationale and beauty,
several examples in the literature reveal that a strict use of such
definition can be quite challenging.
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A mean ME coupling coefficient % =77 = 0.1 Oe cm V!
was estimated by Lou et al.’” in FeGaB/PZN-PT heterostruc-
tures, which considers AH, related to a shift in the resonance
frequency of the magnetic field, rather than a change in mag-
2 ueM.t dR(V)
Ry —Rp dV
which includes the change in resistance in exchange-coupled
CopoFeq1/Cu/CoyoFey 1/BFO spin valve heterostructures. Studies

of charge-mediated ME effect in LSMO/PZT®*! and LSMO/ILH*

. AM . .
composites adopted o = Ao Since precise values of the surface

netization AM. Heron et al.®®l introduced o =

charge density induced at the interface were properly quantified.
For the microscopic analysis of the ME effect in multiferroic clus-

Pm

ters,193 o= was defined, where Kypc serves as calibration

BFC
factor between the signals measured locally via piezoresponse

and magnetic force microscopies. Recently, some studies of ME
. S 11 s . AM
effect in solid/liquid composites*>1°31)1 employed o = N

v
which directly correlates the change of magnetization to the

applied voltage rather than the electric field.

. . AM
Thus, the question arises whether or not the use of ac = AE

allows for an adequate comparison of the strength of the ME
effect among systems that are characterized by different cou-
pling mediators and physical quantities.

Formally, a rigorous usage of Equation (2) requires a pre-
cise determination of both magnetization M and electric field
E. Concerning the former, it is worth to notice that, in several
reports, it is not M to be affected by an applied E, but rather
a magnetic field H. The latter may relate to a coercive field
H_ 2426194 an exchange bias field Hgp,P%1%! or a ferromagnetic
resonant field H,.’?¢! Therefore, in order to avoid ambiguity,
it should be specified which physical quantity (AM or AH) is
being considered in the definition of o.

Further, the determination of an apparently standard phys-
ical quantity as the electric field E may conceal some unex-
pected pitfalls. As previously mentioned, generally, the electric
field is calculated according to the relation E = V/d, by con-
sidering a parallel-plate capacitor configuration with a uniform
distribution of the lines of E. This approximation is broadly
accepted when the surface area of a ME device is much larger
than its thickness. Nevertheless, it should be kept in mind that
in the case of nanoscale-based devices, this assumption calls
for atomically flat, sharp interfaces over large areas. Further-
more, this criterion does not hold any longer when local probe
techniques, as scanning probe microscopies, are used, due to
the nonuniformity of the E-field produced underneath the tip.

Another factor to consider is the eventuality of a nonuniform
distribution of the electric field within a magnetic material.
Indeed, if a material presents intrinsic inhomogeneities!'9¢1%7]
or undergoes metal to insulator phase transitions (e.g., both
conditions occurring in strongly correlated manganites), the
effective penetration depth of E may substantially vary in dif-
ferent areas of the specimen, and thus it is difficult to be
computed.

Aside from the potential issues in accurately determining
the values of E, the situation becomes even more entangled
when the aim is to compare the ME effect realized via different
coupling mediators.
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.. . . AM
It is interesting to critically compare the values of oc=—

for two examples of state-of-the-art ME composites based on
strain*®l and chargel®® coupling.

The first refers to ferromagnetic FeRh films grown onto
piezoelectric BTO substrates. By poling the device with a
voltage of 21 V, which corresponds to E = 0.4 kV cm™! (given
a substrate thickness d = 0.5 mm), a reversible variation of
magnetization AM = 70 emu cm™ was achieved in FeRh, thus
resulting to a value of o = 1 Oe cm V7. The second pertains
ferromagnetic/ferroelectric bilayers of LSMO/PZT deposited
onto STO substrate. By applying +10 V, which corresponds
to F =400 kV cm™! (given a PZT thickness d = 250 nm), the
switching from hole accumulation/depletion states induces a
change of magnetization AM = 22 emu cm™ (=0.14 pg Mn}) in
LSMO, which corresponds to o = 0.8 X 1073 Oe cm V.

Apparently, the larger o in the first instance shall be simply
attributed to the long-range nature of the strain effect, which
affects bigger portions of the magnetic active volume than in
case of interfacial electrostatic charge doping. Nonetheless,
comparing the parameters of the two scenarios, AM and AV are
nearly commensurate, whereas there is a marked difference of
three orders of magnitude in the electric field E. Consequently,
the latter is the main factor resulting in the very different values
of o.

The impact of E on the calculation of o is even more dra-
matic when considering charge-mediated ME effect in solid/
liquid ME composites. Recently, in IL-gated LSMO films,*?! a
AM = 54 emu cm™3 was attained by using a potential window
AV = 3V, which, owing to the intrinsic small thickness
(@ = 1 nm) of EDL capacitors, corresponds to an ultrahigh
interfacial electric field E = 30 MV cm™. Therefore, albeit the
variation in magnetization is comparable with the previous
examples of all-solid-state MEs, and it is obtained by applica-
tion of a lower voltage, according to Equation (2), the apparent
strength of the ME effect is much smaller. This paradoxical
situation strongly suggests that a more appropriate definition
of o should be introduced in order to compare ME coupling
among different ME systems.

Hence, since the presence of an electric field E requires the
application of a defined voltage V, an alternative, more gen-
eral figure of merit could be represented by the ME-voltage
coefficient

AM

T ()
for a change in magnetization, or similarly, for a change in
magnetic field

_AH 4
Ocy = AV (#)

Values of ME-voltage coefficients for differently coupled ME
systems and other relevant parameters, including degree of
reversibility, cycling time, and working temperature, are sum-
marized in Tables 2 and 3.

On the whole, solid/liquid ME composites present similar
(if not larger) variations of AM and AH as well as a lower
price in terms of the applied voltage when compared to their
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Table 2. List of parameters of interest in various ME systems, including kind of coupling mechanism, variation in magnetization AM, applied voltage
AV, calculated ME voltage coefficient oc, presence of reversibility, cycling time, and working temperature. The magnetic conversion factor for the
calculation of acy is 1 emu cm™ = 4 7 Oe. The abbreviations refer as following: room temperature (RT), ethylene carbonate (EC), diethyl carbonate

(DCQ), ethyl acetate (EA), propylene carbonate (PC).
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System Materials Coupling AM [emucm™]  AV[V] ocy [Oe V7] Reversible  Cycling time [s] TIK] Ref.
All-solid-state CoFe,0,/BFO Strain 20 10 25 - - RT [107]
LSMO/BTO Strain Al 200 4.5 No - 199 [45]
FeRh/BTO Strain 70 21 42 Yes - 385 [46]
FeRh/BTO Strain 550 21 329 - - 350-400 [46]
LSMO/PMN-PT Strain 19 400 0.6 Yes - 330 [95]
LCMO/PMN-PT Strain 12.5 400 0.4 Yes - 210 [95]
LCMO/PMN-PT Strain 24 480 0.6 Yes - 10 [78]
Dyo.7Tbg 3FeO; Exchange 58 350 2 Yes 1.5 2.5 [47]
striction
LSMO/PZT Charge 32 20 14 Yes - 100 38]
LSMO/PZT Charge 120 20 75 - - 100 [157]
LiCoO,/LISICON/Fe;04 lonic 40 4 125 Yes 8x10* RT [165]
Solid/liquid PdgpCoyo/LiClO, in EA Strain 0.16 2 1 Yes 10 RT [114]
LSMO/LIClO, in PC Charge 1.3 0.8 20 Yes 7500 RT [48]
LSMO/DEME-TFSI Charge 54 3 226 Yes 10 220 [42]
Fe;O,4/LiPFgin DC+ EC lonic 2.3 0.5 58 Yes - RT [167]
¥-Fe;03/LiPFg in EC+ DC lonic 90 2.4 470 Yes 103 RT [50]
0-Fe,03/LiPFg in PC lonic 530 15 4400 Yes - RT 31]
ZnFe,0,/LiPFg in EC + DC lonic 66 225 370 Yes - RT [44]
CuFe,04/LiPFgin EC+ DC lonic 85 2 530 Yes - RT [44]
MnFe,0,/LBC3015B lonic 10 15 84 Yes 8% 103 RT [168]
SrCo0;_s/IL lonic 346 4 1100 Yes ~2000 10 [181]

Table 3. List of parameters of interest in various ME systems, including kind of coupling mechanism, kind of affected magnetic field, variation in
magnetic field AH, applied voltage AV, calculated ME voltage coefficient oy, presence of reversibility, cycling time, and working temperature. The
abbreviations refer as following: ferromagnetic resonance field (H,), coercive field (H,), exchange bias field (Hgg), room temperature (RT), propylene

carbonate (PC).

System Materials Coupling  Kind of H shift ~ AH [Oe] AV V] ocy[Oe V] Reversible Cyclingtime[s]  T[K] Ref.
All-solid-state FeGaB/PZN-PT Strain H, 750 400 1.8 Yes 10° - [59]
FeGaB/PZN-PT Strain r 473 10 47 Yes 10°° - [59]

FeGaB/PZN-PT Strain H, 500 7.5 67 Yes 1010 - (58]

Fe/BTO Strain H, 27 1000 0.027 - - 250 [37]

Fe/BTO Strain H, 10 2000 0.005 Yes - 150 [25]

Co/PVDF-TrFE Charge H, 25 24 1 - - - 127]

Co/GdO lonic H, 140 6 23 Yes 107°-500 300-400 [28]

Co/GdO lonic H, 200 12 17 Yes 500 - [219]

SiO,/MgO/CoFeB Charge H, 70 100 07 Yes - 12 [29]
CoFeB/IrMn/PMN-PT Strain Hep 30 400 0.075 Yes - RT [54]

LSMO/BFO Charge Heg 125 120 1 Yes - 55 56]

FeNi/YMnOs Exchange Hep 60 1.2 50 - - 2 [195]

FePt/Nain PC Charge H, 45 0.6 75 Yes - RT [30]

Solid/liquid 0-Fe,03/LiPFg in PC lonic He 60 15 40 Yes - RT 31]
CuNi/Na in PC Charge H, 31 14 22 - - RT 132]

Co/DEME-TFSI Charge H, 90 2.5 36 Yes 600 RT [153]

Fe;0,/DEME-TFSI Charge H, 750 3 250 Yes 300 100-300  [159]
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Figure 6. Comparison of the relative variation in magnetization as a function of the applied voltage in case of different ME composite systems
(S/S = all-solid-state, S/L = solid/liquid) and ME coupling mediators (strain, charge carrier doping, and ionic migration).

all-solid-state counterparts. Therefore, larger values of ME cou-
pling coefficient oy are typically obtained via electrolyte gating
techniques. To date, the largest changes in AM are reached
by means of strain coupling in all-solid-state MEs,!*l whereas
chemical intercalation is the most effective tool in solid/liquid
MEs.BU The most pronounced variation in AH regards the
shift in ferromagnetic resonant field via strain effect in all-
solid-statel®! composites and via charge carrier doping in solid/
liquid™% composites.

Concerning the relative variation of magnetization AM/M
(see Figure 6), on/off switching of magnetism is already
established in various ME composite systems. However, inde-
pendently of the kind of coupling mechanism, one to two
orders of magnitude lower values of voltage are required in
solid/liquid ME devices. Concerning all-solid-state ME devices,
the application of lower voltages is needed when the kind of
coupling mediator moves from strain, to charge doping or ionic
intercalation.

Besides a robust ME effect and a low-voltage application, other
important prerequisites in the perspective of future technological
applications are represented by the device endurance and the
switching time, which often do not receive a deserved attention.

Regardless of the specific technical functionalities that are
envisioned, magnetism should be manipulated at will as many
times as possible. Thus, a careful analysis of the level of revers-
ibility of the ME effect and of the reasons for its eventual loss
is of primary importance. In particular, application of high volt-
ages, as often occurs in strain-mediated solid-state MEs, poses
a risk of catastrophic failure already after a few cycles due to
sparking, contact loosening, and aging effects in relation to
defect orientation.**#’] The nature of the interface is another
factor that can negatively impact on the cycling stability.
Indeed, when ME effect is realized at a metal/oxide interface,
the reactive surface of metals and alloys may undergo irrevers-
ible oxidation processes, triggered by the simple contact with
an oxide material and further promoted via application of an
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external voltage.[?+%6198] The potential issue of materials com-
patibility can be limited, to a great extent, when the interface is
composed of only oxides. Despite the usage of lower voltages,
the presence of a strong interfacial electric field in solid/liquid
devices makes them potentially vulnerable to irreversible elec-
trochemical reactions. The durability associated with electrolyte
gating techniques strongly depends on the kind of charging/
discharging mechanism being involved. Electrostatic charge
doping allows EDL capacitors to have a lifespan beyond 10°
cycles, pseudocapacitors, based on surface or near-surface redox
reactions, can withstand 10*-10° cycles of working operation,
whereas electrochemical batteries, relying on bulk ionic migra-
tion, can only reach a few thousand cycles.[11819]

The speed of the ME response is another critical parameter
to be taken into account, especially for the potential realization
of ME memories and ME antennas. Strain and charge-mediated
solid-state devices, relying on polarization switching by means
of short voltage pulses, provide the fastest response time down
to the nanosecond range.l'#3200.2011 By contrast, ionic interca-
lation through bulk magnetoionics is a rather slow process,
which typically requires hundreds of seconds, unless operated
at high temperatures or via laser-assisted heating.?®!

On all the fronts of ME coupling, solid/liquid devices dis-
play markedly slower switching times than all-solid-state
devices. Commonly, measurements are carried out by keeping
a constant voltage for prolonged periods of time (around tens
of minutes) or by using slow voltage ramp rates (0.1-1 mV s7}).
These rather slow parameters amount to several thousands of
seconds to complete a single charging/discharging cycle. It is
established that the response speed of electrolyte-gated systems
can be hampered by the sluggish motion of electrolyte ions.[2%%
Nonetheless, operating frequencies up to tens of kHz are fea-
sible in electrolyte-gated transistors.?32%l Thus, faster ME
switching speeds may be achievable by employing strategies
to optimize the time constant (7 = RC) of the equivalent elec-
trical circuit. This involves an appropriate device engineering
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and development of new electrolytes with increased ionic
mobility. To date, the fastest ME response in solid/liquid ME
composites with on/off modulation of magnetism was achieved
in ultrathin films of LSMO gated with DEME-TFSI IL, where
repetitive charging/discharging cycles were accomplished in
about 10 5.2

The nonvolatility of the ME effect is a prerequisite to realize
ME memory storage devices. All-solid-state MEs based on ferro-
electric/ferromagnetic heterostructures are the most promising
candidates to reach this goal. In this respect, the research on
solid/liquid MEs has to overcome some nontrivial obstacles.
On the one hand, EDL capacitors lack the ability to preserve the
stored charge, and so the information carried by magnetic bits
is lost once the external voltage is removed. On the other hand,
solid/liquid magnetoionics allow for nonvolatility, but at the
expense of a reduced switching speed and cycling endurance.

Concerning the areas of sensing and actuation, some pro-
mising routes of development were found in relation to the
direct ME effect. For instance, all-solid-state laminated compos-
ites based on strain-mediated ME coupling are very attractive for
the realization of next generation magnetic sensors.?%! Indeed,
they allow for the fine detection of magnetic signals, although
the issue of noise reduction calls for further improvements. On
the front of actuation functionalities, the versatile and precise
control of the wireless locomotion of ME nanorobots by means
of magnetic fields points out the perspective of using ME effect
for therapeutic interventions and drug delivery.??l In case of
the converse ME effect, the areas of sensing and actuation are
largely unexplored yet. It has been proposed that strain-coupled
laminated composites can be exploited to sense wide range elec-
tric fields.[?%l Further, albeit the slow switching speed of mag-
netoionics makes them unsuitable for ME memory applications,
their ability to affect bulk magnetic properties under low-voltage
conditions shall be convenient for transduction purposes. More-
over, also charge carrier doping, in spite of being predominantly
an interface effect, may still operate in the area of sensing and
actuation if devices with a conveniently large surface-to-volume
ratio, as in the case of porous materials,**l are employed.

7. Conclusions and Outlook

The present work addresses recent advances in the area of
voltage-control of magnetism in all-solid-state and solid/liquid
ME composites. Special attention was devoted to the capabilities
offered by strain, charge carrier doping, and ionic migration as
mediators of the ME effect. A redefinition of the magnetoelec-
tric coupling coefficient oy (see Equations 3 and 4), which
accounts for the applied voltage rather than the electric field,
has been proposed as a new benchmark for the strength of the
ME effect, with the aim of facilitating the comparison between
different ME systems. Apart from the magnitude of the ME
effect, the relevance of other parameters of interest, such as the
device lifetime and the switching speed, has been emphasized
from the perspective of future applications.

Several are the open challenges yet to be overcome in ME com-
posite systems. Concerning strain-driven effects in all-solid-state
ME composites, a concerted effort should be carried out to reduce
the applied voltages and improve the device miniaturization.
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A possible strategy to fulfill both conditions is to identify an
appropriate thickness of the piezoelectric component down to a
minimum size where strain coupling is still effective. In the case
of solid/liquid ME composites, so far, strain coupling has not
demonstrated a sufficiently robust ME effect.

Charge carrier doping is at the forefront of the research on
MEs. The promising results attained in all-solid-state ME com-
posites, e.g., in ferroelectric/ferromagnetic heterostructures,
suggest that several of the envisioned applications in the areas
of spintronics and memory storage are gradually progressing
toward the point of becoming a practical device reality. In case
of solid/liquid ME composites, the full potential of electro-
static and pseudocapacitive charging mechanisms to manipu-
late magnetism is to be unleashed yet. In particular, the largely
unexplored field of ME pseudocapacitors, yielding large ME
effect with application of only a few volts, opens new opportuni-
ties in the perspective of low-power portable microelectronics.

The newborn field of magnetoionics is growing at a quick
pace. On top of the list of quests, there is an urge to enhance
the degree of reversibility and the ME response time. In this
respect, possible new directions of research shall be pursued by
investigating new kinds of ionic carriers. Recently, anion doping
via insertion of fluorine ionsi?%”) proved to have a strong impact
on the magnetic characteristics of LSMO films. Further, by con-
sidering the late achievements in the field of electrochemical
batteries, magnesium,?%l sodium,?*! and chloride?'”! ions are
other interesting candidates to be put in use in magnetoionics.

On the whole, we have described some of the unique fea-
tures offered by strain, charge, and chemical mechanisms to
finely tune the complex interplay between electricity and mag-
netism at solid/solid and solid/liquid ME interfaces.
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