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Abstract

The energy-efficient manipulation of the properties of functional materials
is of great interest from both a scientific and an applied perspective. The ap-
plication of electric fields is one of the most widely used methods to induce
significant changes in the properties of materials, such as their structural,
transport, magnetic, and optical properties. This article presents an overview
of recent research on the manipulation of the electronic and magnetic prop-
erties of various material systems via electrolyte-based ionic gating. Oxides,
magnetic thin-film heterostructures, and van der Waals 2D layers are dis-
cussed as exemplary systems. The detailed mechanisms through which ionic
gating can induce significant changes in material properties, including their
crystal and electronic structure and their electrical, optical, and magnetic
properties, are summarized. Current and potential future functional devices
enabled by such ionic control mechanisms are also briefly summarized, espe-
cially with respect to the emerging field of neuromorphic computing. Finally,
a brief outlook and some key challenges are presented.
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1. INTRODUCTION

The ever-increasing quantities of digital data that drive modern society require next-generation
nanoelectronic memory and computing devices for increased performance, greater functional-
ity, and reduced energy consumption. The basis of many of these devices is the electric-field
control of material properties. The archetypical device for such control is the metal-oxide—
semiconductor field effect transistor (MOSFET), which is the fundamental element of modern
computing architectures (1, 2). In a MOSFET, an electric field is applied between the metal gate
and a semiconducting channel across a thin dielectric layer, typically an oxide. Positive and neg-
ative gate voltages applied to the metal gate electrostatically induce carriers, either electrons
or holes, in the channel in the form of a 2D sheet since the electric field is screened at the
dielectric-semiconductor interface. Such a voltage-induced electrostatic doping of carriers into
the semiconductor is key to the realization of the transistor function. The MOSFET device that
is based on the electric-field control of transport properties in conventional semiconductors has
been enormously successful (1, 2), but there are limitations when extending such a structure to
other material systems such as transition metal (TM) oxides (3-5), magnetic metallic thin films
(6-8), and, most recently, van der Waals (vdW) 2D materials (9, 10). One primary obstacle is the
carrier density that is needed for phase transitions in various materials. As an example, TM oxides
require much higher induced carrier densities than do conventional semiconductors, resulting in
much larger gate voltages that may exceed the breakdown electric-field strength of traditional
dielectric layers. Another obstacle comes from the strong surface-screening effects that are the
result of the high carrier densities, which limit the penetration length of the electric-field effect to
just 1 nm or even a single unit cell (1, 2). These obstacles make the traditional MOSFET structure
incompatible with current research goals and make it necessary to find methods that can induce
large carrier densities in thin-film materials under modest gate voltages.

The above obstacles can be largely overcome by replacing the traditional dielectric material
used in MOSFETs with an electrolyte. The electrolyte is an electrically insulating solid or liquid
ionic medium that contains an equal number of positive and negative ions with high mobilities.
A typical three-terminal ionic gating device, as shown in Figure 1a, can be realized via gating
of the electrolyte (11-14). When a positive gate voltage is applied (Figure 15), anions in the
electrolyte move to the interface between the electrolyte and the gate electrode to compensate
for the charge introduced at the gate electrode. Cations, however, migrate and accumulate at the
interface between the electrolyte and the target material. To compensate for the charge formed in
this way at the electrolyte—target material interface, negative charge accumulates within the target
material. The two charged layers of opposite polarity at the interface between the electrolyte and
target material lead to the formation of an electric double layer (EDL). As the thickness of the
EDL is typically just ~1 nm, the EDL can be considered a nanogap capacitor and thereby has a
high specific capacitance and a large electric field. Thus, even a modest gate voltage of just a few
volts can lead to very high electric fields of ~10-100 MV/cm, which is significant considering that
a conventional MOSFET using a SiO, dielectric layer shows an electric-field breakdown limit of
~5-10 MV/cm (11-14). Such high electric fields induced by the thin EDL also allow for relatively
low-voltage operation of ionic gating devices.

In addition to the electrostatic effect, the ionic gating approach has recently been found to
also lead to an electrochemical effect by which some ions can intercalate or migrate into or out
of the target material. This, in turn, changes the composition and properties of the target mate-
rial (11-27). In fact, ion intercalation from the electrolyte into the solid material was proposed
earlier in a two-step intercalation model (28, 29) consisting of the adsorption of ions at the sur-
face of the solid material and the subsequent intercalation of these ions into the solid lattice. The
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Figure 1

Experimental setup, mechanisms, and physical property tuning via ionic gating. (#) Schematic experimental setup of a three-terminal
ionic gating device. The inset illustrates two example electrolytes, the ionic liquid DEME-TFSI and the polymer electrolyte containing
LiClOg. (b,¢) Schematic illustrations of resulting () electrostatic and (c) electrochemical effects. (d) Various physical property changes
including an insulator-metal transition, emergent superconductivity, tunable magnetism, and neuromorphic responses induced or
controlled via ionic gating. Abbreviations: DEME-TFSI, diethyl methyl(2-methoxyethyl)Jammonium bis(trifluoromethyl
sulfonyl)imide; EDL, electric double layer; G, gate; LiClOg, lithium perchlorate; SD, source drain.

driving force of such ionic diffusion is the formation of the electric potential gradient across the
solid-electrolyte boundary. In particular, conventional ionic liquids absorb water (H,O) from the
environment, thereby leading to the possibility of hydrogen ion (H*) or oxygen ion (O?~) migra-
tion into the target material via ionic liquid gating (30) (Figure 1¢). Note that the electrostatic
and electrochemical effects are greatly influenced by the nature of the electrolyte and the specific
properties of the target material.

The first significant report of an electrochemical effect via electrolyte gating was on thin films
of insulating VO,, where ionic liquid gating was shown to lead to the formation and migration
of a comparatively small number of oxygen vacancies (18), which engendered the formation of
a metallic state even at very low temperatures. This first report was initially quite controversial
because of competing studies that claimed similar effects were electrostatic in origin. However,
numerous groups have now confirmed the electrochemical nature of the ionic liquid gate-induced
electronic phase transition reported in Reference 18. Indeed, this effect has become widely used
and has been applied to a variety of material systems, ranging from TM oxides to metallic thin
films and, most recently, 2D vdW materials. Though electrostatic processes can be faster than
electrochemical processes, the latter can lead to novel electronic and structural phase transitions
along with extensive physical property changes (Figure 1d) that are not possible via conventional
electrostatic gating effects. Recent studies have revealed the room-temperature, nonvolatile, and
reversible manipulation of physical properties by electrochemical manipulation in diverse material
systems (8, 30-34). In addition, electrochemical processes can be used to emulate artificial synapses
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with tunable plasticity, which is an important building block for neuromorphic computing (35-40)
and for applications where speed is of lesser importance. Thus, the electrochemical approach has
significant potential for applications in nanoelectronic devices with ultralow energy consumption,
which are the cornerstone of next-generation computing architectures (15-27, 30-33, 35-42).

In this review, we provide an overview of recent research using ionic gating, highlighting the
latest advances in the manipulation and control of numerous physical properties in various ma-
terial systems. Present and potential future functional devices are examined, especially devices
relevant for neuromorphic computing. Future perspectives, underlying challenges, and possible
solutions are discussed. The TM oxides, magnetic metallic thin films, and vdW 2D materials are
the foci of this review as they exhibit rich physics and are being widely investigated as potential
platforms for next-generation nanoelectronic devices.

2. ELECTROLYTES FOR IONIC GATING

In recent studies, various types of electrolytes have been used for the manipulation of material
properties, including but not limited to inorganic solid electrolytes, polymer electrolytes, ionic
liquids, and ion gels. The migrating ions vary from protons and alkali metal ions (cations) to
oxygen and hydroxyl ions (anions) (15-27, 41, 42).

Inorganic solid electrolytes, including porous SiO, (43), Al,O; (44), HfO, (45, 46), and GdO,
(47,48), are widely used since they offer good chemical and thermal stability with reasonably high
ionic conductivities. The most common migrating ions are oxygen ions (O’~) and protons (H*).

Polymer electrolytes are composed of polymer solvents and diverse ions, among which the
alkali metal ions are widely used. A representative polymer electrolyte is formed from a mixture
of lithium perchlorate (LiClOj) and polyethylene oxide such that Li* and ClO4~ ions can readily
migrate within the polymer matrix. Polymer electrolytes have been used to gate various materials
systems ranging from 2D vdW materials to organic single crystals and films (34, 49-51).

Ionic liquids are molten salts composed solely of ions, the melting point of which is typically
below room temperature. Compared with the solid electrolytes mentioned above, ionic liquids
exhibit higher ionic mobilities and diffusivities due to their weaker interionic interactions, which
in turn give rise to faster operation of the devices (11-14). An EDL transistor using an ionic liq-
uid of 1-ethyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)imide (EMIM-TESI) was first
demonstrated in 2007 (52). Later, the ionic liquid diethyl methyl(2-methoxyethyl)ammonium
bis(trifluoromethyl sulfonyl)imide (DEME-TFSI) became widely used due to its wider electro-
chemical stability window and larger interfacial capacitance. Such an ionic liquid gating approach,
as compared with solid electrolytes prepared by traditional film deposition methods, can be ex-
tended to many different kinds of material systems since the gating effect is nearly independent
of interface conditions. An important property of conventional ionic liquids such as EMIM-TFSI
and DEME-TFSI is that they contain trace amounts of H,O, typically more than 100 ppm by
mass even after annealing in vacuum (30). This can lead to the introduction of H* or O*~ into
the gated target material. Alternatively, alkali metal ions can be introduced in the ionic liquid. For
example, Li* ion-doped ionic liquids can lead to faster gate-induced responses (53). In particular,
by replacing the conventional Au gate electrode with Li-containing gate electrodes, the Li* ions
in the electrolyte can be replenished from the Li-containing gate electrode when the Li* ions
migrate into the target material (53).

Ion gels are made by gelation of a polymer network in an ionic liquid. Therefore, ionic gels
can have solid-like stabilities but perform similarly to ionic liquids (11-14). A typical ionic gel
electrolyte is formed from a mixture of the ionic liquid 1-butyl-3-methylimidazolium hexaflu-
orophosphate and a triblock copolymer [poly(styrene-block-ethylene oxide-block-styrene)] (54).
This electrolyte provided both a large specific capacitance (>10 wF/cm?) and greatly improved
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polarization response times (~1 ms) when used as the gate electrolyte in a polymer semiconductor
[poly(3-hexylthiophene)] thin-film transistor.

3. IONIC GATE TUNING OF PHYSICAL PROPERTIES
OF TRANSITION METAL OXIDES

The use of ionic gating has given rise to a large amount of interesting research concerning the
manipulation of various properties of TM oxides. The complex phase diagrams of these materials
as a function of oxygen content have made the electric-field control of their electronic phase tran-
sitions, including metal to insulator, insulator to metal, or even superconductivity, as well as the
manipulation of their magnetic properties (3-5), a very exciting possibility (Figure 2). Some exam-
ples to date include the following: the ionic gate—controlled phase transition of single crystalline
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Figure 2

Control of electronic and magnetic properties of transition metal oxides via ionic gating. (#, /) Temperature dependence of the sheet
resistance at various gate voltages of VO, films via ionic liquid gating, showing control of the insulator-metal transition. Subpanel
adapted with permission from Reference 18; copyright 2018 AAAS. (g, 7i) Temperature-dependent resistance of YBayCu3O7_, films at
several gate voltages, revealing superconductor-metal-insulator transitions of 0 V (black), 4 'V (red), 5 V (green), and 10 V (blue). Subpanel
adapted with permission from Reference 24; copyright 2017 National Academy of Sciences. (, 7if) In-plane magnetic hysteresis loops
of tri-state SrCoQ,. (SCO) phases via H*/O?~ ion control. Subpanel adapted with permission from Reference 30; copyright 2017
Springer Nature. (¢, 7v) Magnetic hysteresis loops of a superlattice under ionic liquid gating via the in situ magneto-optic Kerr effect,
showing voltage control of magnetic properties. Subpanel adapted with permission from Reference 59; copyright 2020 Springer
Nature. (b, 7, left) Structure of the monoclinic phase of VO, along the <001> and <110> axes. (b, 7, right) The source-drain (top) and
gate (bottom) current versus the gate voltage Vg of VO, thin-film devices for different crystal orientations. Panel adapted with
permission from Reference 60; copyright 2015 National Academy of Sciences. (b, i) Control of oxygen vacancy channel ordering in
SrCoO, via ionic liquid gating. The antiferromagnetic insulator (AFT) H-SCO transforms to ferromagnetic metal (FM) P-SCO at a
negative gate voltage. A positive gate voltage transforms FM P-SCO to AFI I’-SCO, which can then be reversibly transformed back to
P-SCO by a negative gate voltage. Panel adapted with permission from Reference 32; copyright 2022 American Chemical Society.
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films of SrTiO;_, from an insulating state to a metallic one and, finally, a superconducting state (19,
55); the discovery of superconductivity in KTaOs crystals via ionic liquid gating (56); the manipu-
lation of high-temperature superconductivity in the family of cuprates such as YBa, Cu; O;_, (24)
and La;_,Sr,CuOy (57); and the modulation of the Curie temperature of La;_,Sr,CoOs3_; films
over a wide range of temperatures (22, 23). Of special interest is recent progress in ionic gating
manipulation of O>~ and H ions, the ordering of oxygen vacancies, and crystal facet-dependent
responses (30-33, 55-58).

3.1. Electronic Properties of Transition Metal Oxides

One of the most significant findings that has had a long-term impact on today’s ionic gating
research, especially in the solid-state physics community, is the voltage control of the temperature-
dependent insulator-metal phase transition in the binary oxide VO, (18, 58). VO, becomes a
correlated Mott insulator below a characteristic phase transition temperature, above which it is a
metal. Jeong et al. (18) found that by applying a gate voltage, using an ionic liquid dielectric, to
thin films of VO, oriented with the rutile c-axis out of plane, the insulator-metal transition (IMT)
could be completely suppressed, and the material became conducting down to the lowest temper-
atures tested (<4 K). Moreover, this suppression was maintained even after removal of the gate
voltage (Figure 2a). The mechanism for this nonvolatile gate-controlled IMT was shown to be
related to the electric field-induced creation of oxygen vacancies, with the consequent migration
of oxygen from within the entire volume of the oxide film into the ionic liquid (18), rather than
an electrostatic carrier doping mechanism, as claimed by another group (58). That is, the positive
gate voltage applied at the gate electrode induces the removal of oxygen ions in VO, and thus
creates oxygen vacancies along with electron doping into the lattice. The oxygen vacancy—based
mechanism was supported by extensive studies that included the induction of nonvolatility of the
gate-induced metallic state, the suppression of the gate-induced IMT under an oxygen atmo-
sphere, spectroscopic confirmation of a significant change in the V valence state, and 'O tracer
experiments that showed exchange of oxygen between the ionic liquid and the VO, film (18).
Another important finding in VO, films was that the IMT induced via ionic liquid gating is ac-
companied by a giant lattice expansion that was more than an order-of-magnitude larger than the
lattice contraction that accompanies the temperature-driven insulator-to-metal phase transition
in VO, (61).

The ionic liquid gate—induced electronic changes in VO, thin films are strongly crystal-facet
dependent and are observed only when the rutile ¢c-axis is oriented perpendicular to the film—ionic
liquid interface. The rutile structure is composed of VO octahedra that are edge bonded parallel
to the c-axis but corner bonded perpendicular to this axis. Thus, there are open structural channels
oriented along the c-axis that support the migration of oxygen ions into or out of the ionic liquid
(60, 62) (Figure 2e). It is interesting that such oxygen ion migration can occur over very long
distances of more than 1 um (63) even though the origin of this migration is the electric fields
within the narrow EDL. Presumably oxygen chemical gradients thereby created within the VO,
layer (both vertically and laterally, depending on the gate electrode geometry) drive the oxygen
diffusion over such long distances. Efforts have been made to understand the detailed mechanism
of the oxygen vacancy migration process, which is critical for designing future functional oxide
devices, but the complex interplay between electrostatic and electrochemical effects and the re-
sulting local changes in structure and electronic properties, all of which depend on distance from
the gate electrode, make this very difficult.

An electrochemical mechanism based on oxygen vacancy migration through structural chan-
nels was subsequently found to account for ionic gate—induced modulations of the properties of
diverse TM oxides (17-27, 30-33, 41, 42, 59, 64-70). One very interesting example is the ionic
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liquid gate-induced metallization of the cubic perovskite WOs3, which exhibits no temperature-
driven IMT. Nonvolatility and enormous increases in conductivity exceeding ~7 orders of
magnitude were found and, moreover, were shown to be independent of the crystal orientation of
the WO; films (62, 71), presumably originating from the open structural channels along all three
principal crystallographic directions (62).

Another example is the brownmillerite SrCoO; 5, which is an ideal platform for realizing phase
transitions based on ion diffusion due to its well-ordered oxygen vacancy network that results
in oxygen vacancy channels (OVCs) along specific crystal directions. A real-time observation of
oxygen vacancy migration under ionic liquid gating during the phase transition between the per-
ovskite SrCoQjs state and the brownmillerite SrCoQ; 5 phase has been directly observed at the
atomic level using in situ high-resolution transmission electron microscopy (31). Interestingly,
the velocity of the phase transition boundary was shown to be highly anisotropic, traveling later-
ally ~30 times faster than through the thickness of the film. Such high-speed oxygen transport
was attributed to a surface fast oxygen transport lane (31). At the same time, Zhang et al. (33) have
shown that oxygen vacancy rows are not only natural oxygen diffusion channels but also preferred
sites for the induced oxygen vacancies. Through ionic gating manipulations, Han et al. (32) fur-
ther identified that the orientations of the OVCs can be switched from horizontal to vertical with
respect to the surface of the thin films of SrCoO, 5 (Figure 2f).

Oxygen vacancy migration within CuO, chains induced by ionic gating has been demon-
strated to account for the voltage-controlled superconductor-insulator transition in cuprates
YBa,Cu;O;_, (Figure 2b) and NdBa, Cu; O;_,, as demonstrated by the nonvolatile nature of the
effect, the utilization of oxygen barrier interlayers, and chemical composition analysis using X-ray
absorption spectra from thin films during the gating process (24, 64). Whether CuO, chains are
present or not appears to greatly influence ionic gating effects on the cuprates. For example, in
the Pr;_,Ce,CuOy4 system where no CuO, chains are present, gating effects are volatile, suggest-
ing an electrostatic mechanism (64), although it is also possible that oxygen vacancies are created
and then removed once the gate voltage is removed. This is the case, for example, for thin TiO,
layers (72). These results are instructive for the creation of nanoscale structures and interfaces
and thus the creation of future oxitronic devices. Prototype 3D mesostructures as well as surface
modifications have been realized by taking advantage of anisotropic oxygen vacancy migration
(31).

In addition to oxygen vacancy migration-based mechanisms, alkali metal ions and proton-
based ionic gating have also been widely investigated in several TM oxide systems. A recent study
reports the existence of vertically oriented 2D ionic channels in epitaxial 7-Nb,Os thin films,
which allow for the fast migration of Lit* ions along the vertical channels via gating (53). This sys-
tem allows for very-low-voltage operation by Li* ion chemical potential control and further shows
coupled electronic responses between twin 7-Nb,Os devices. For ionic gate-induced proton mi-
gration, hydrogen intercalation into VO, films by ionic liquid gating has recently been explored
via nuclear magnetic resonance techniques (73). In another study, hydrogenated VO, films were
found to show multistep phase transitions, that is, insulator-metal-insulator transitions, with in-
creasing hydrogen concentration (74). By employing this behavior, an all-solid-state proton gating
device using a porous silica electrolyte was demonstrated (43).

3.2. Magnetism of Transition Metal Oxides

Beyond electronic phase transitions, the ionic gating approach has been widely used to control
the magnetic properties of TM oxide systems; examples include SrCoQ,, SrRuOs;, NiCo, 4, and
SrFeO, (30,65-67). The magnetism in TM oxides arises predominantly from double and superex-
change coupling between the magnetic moments of the TM ion via the intermediate oxygen ions.
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This means that redox-based chemical reactions induced by ionic gating can strongly influence
the valence of the TM ions and in turn tune its magnetism. At the same time, changes in oxygen
stoichiometry can affect the structure, even subtly, such as through rotations of the oxygen octahe-
dra or tetrahedra that form the basic structure of these oxides. These structural modifications can
therefore influence the magnetic interactions. For example, Lu et al. (30) realized a selective dual-
ion switch to control a tristate phase transformation in SrCoO, s (Figure 2¢). Ionic liquid gating
was used with dual ions of hydrogen and oxygen. The three different phases were the brownmil-
lerite antiferromagnetic insulator SrCoQ; s, the perovskite ferromagnetic metal SrCoOs_,, and
the hydrogenated weakly ferromagnetic insulator HSrCoO, 5. By applying a negative gate volt-
age, oxygen ions in the ionic liquid migrate to the insulating epitaxial SrCoO; s thin film, thereby
transforming it into the metallic perovskite SrCoOjs_, state. A positive gate voltage, in contrast,
provides for hydrogen ion migration into the SrCoQ, 5 layer and results in a transformation to
HSrCoO; 5. Based on this tristate transformation, Lu et al. (30) realized an electric field-controlled
switch of both resistance and magnetism. This work encouraged the exploration of the ionic gate
control of multistate phase transitions in several other oxide systems.

The ionic gating approach can also be extended to manipulate magnetism in oxide thin-film
heterostructures or even superlattices. Song et al. (68) utilized electric field—controlled dual-ion
migration in the epitaxial SrCoQ, 5/Lag 45Sr0.55MnO;_, (SCO/LSMO) bilayer thin-film system
for the manipulation of its magnetic anisotropy. Since different crystal structures can be realized
by dual-ion gating within the upper brownmillerite SrCoO; s layer, a deformation of the MnOy
octahedral structure occurs at the interface with the lower LSMO layer, thereby leading to a mod-
ification of the magnetic anisotropy in this LSMO layer. The interlayer exchange coupling in the
oxide heterostructure can also be tuned via ionic gating. In the work of Song et al. (69), a simulta-
neous tuning of the magnetic anisotropy and exchange bias in Lag gSrg2CoOj3/Lag ¢;Sr¢33MnOs
(LSCO/LSMO) heterostructures was obtained though dual-ion migration. A repeated switch-
ing of the magnetic easy axis of the bottom LSMO layer between in-plane and out-of-plane
directions resulted in a corresponding modulation in the interfacial exchange coupling. The in-
terfacial exchange bias in the SrFeO;_,/Lag7Sro3:MnO; (SFO/LSMO) heterostructure has also
been modulated by an ionic gate-controlled switching of magnetic order between the antiferro-
magnetic brownmillerite SrFeO; 5 and helimagnetic perovskite SrFeOs_, phases (67, 70). Yi et al.
(59) obtained a reversible phase transformation with a large 7% lattice change and a significant
modulation in the chemical, electronic, magnetic, and optical properties of superlattices comprised
of alternating one-unit-cell-thick layers of SrIrO; and Lag , Srg sMnOj3, mediated by the reversible
transfer of dual ions through an ionic gating approach (Figure 2d). These results show the high
potential for voltage-controlled spintronic devices derived from oxide thin heterostructures and
superlattices and suggest that further investigations are likely to be highly fruitful.

4. MAGNETO-IONIC RESEARCH ON MAGNETIC
METALLIC THIN FILMS

The manipulation of magnetic properties through electric means would allow for novel, po-
tentially energy-efficient, spin-based storage and logic devices. Ever since the observation of
a manipulation of the Curie temperature in magnetic semiconductors, although quite modest,
through an electric-field gating effect (75), significant efforts have been devoted to the electric-
field control of magnetic properties (75-80). Electric fields have been reported to be effective in
controlling not only basic magnetic properties, such as magnetic phase transitions, magnetization,
and magnetic anisotropy, but also magnetization dynamics (6-8, 75-80). Significant research into
increasing the Curie temperature of magnetic semiconductors to above room temperature was
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ultimately unsuccessful, and ferromagnetism in oxide materials is relatively rare compared with
antiferromagnetism. For these reasons, magnetic metallic thin-film systems, which exhibit room
temperature magnetism with high Curie temperatures and perpendicular magnetic anisotropies,
are especially attractive for spintronic applications (81-84). In recent years, magneto-ionic effects
using electrolyte-based ionic approaches have become of interest as they have the potential for
room-temperature, low-voltage, nonvolatile, and reversible manipulation of magnetic properties
(8,77,80,85-90). As discussed in Section 2, in such an approach, by contacting a magnetic metallic
thin film with a solid or liquid electrolyte, an applied voltage will engender ionic motion of, for ex-
ample, oxygen ions and protons, which can then give rise to redox-based electrochemical reactions
at the surface or within the interior of the magnetic metallic thin film, thereby affecting its mag-
netic properties predominantly through control of the oxidation level of the ferromagnetic layer,
whether in its bulk or at its surfaces or interface (8, 77, 80, 85-90). In the past few years, numerous
magnetic metallic thin-film systems have been investigated through this magneto-ionic approach,
including elemental films, heterostructures, and alloys. Here we briefly review recent progress in
this field with the magnetic order in metallic thin-film systems varying from ferromagnets and
synthetic antiferromagnets to ferrimagnets and antiferromagnets.

4.1. Ferromagnetic Thin Metallic Films

In magnetic metallic thin-film systems, such as Co/Pt heterostructures, the magneto-ionic method
has proven to be effective in manipulating diverse magnetic properties including saturation mag-
netization, uniaxial magnetic anisotropy energy, and coercive fields, most of which result from
oxygen-ion migration at the interface of the ferromagnetic layer with the ionic gate electrolytes
(80, 86). Recent work has also shown that the proximity-induced magnetic moment in heavy metal
layers that are in contact with a ferromagnetic layer, which can be very large, can also be tuned
using an ionic gating approach (91). In addition to the magnetic properties mentioned above,
the magneto-ionic method has also been utilized to control an asymmetric exchange coupling,
namely, the vector exchange Dzyaloshinskii-Moriya interaction (DMI) (92-94). The DMI is key
to the formation of a wide variety of chiral, noncollinear spin textures, such as Néel domain walls,
and a menagerie of skyrmionic spin textures. The motion of such nanoscopic, chiral magnetic
textures, driven by electric current, is fundamental to the realization of racetrack memory devices
(81-83, 92-94), which are promising candidates for next-generation nonvolatile memory devices
with high performance, high stability, and low energy consumption. In racetrack memory devices,
digital data are encoded in the presence or absence of magnetic nanotextures. These nanoscopic
textures can be formed from non-collinear topological spin textures, namely skyrmions, whether
Bloch or Néel, or more complex objects such as anti-skyrmions or elliptical Bloch skyrmions.
To date, however, the most interesting and useful objects are chiral magnetic domain walls that
are stabilized in perpendicularly magnetized nanowires (the racetracks) formed from engineered
magnetic heterostructures in which the chirality is imposed at interfaces between ultrathin mag-
netic multilayers (e.g., Co/Ni/Co where the individual layers are just a few angstroms thick) and
a heavy metal layer such as Pt or W via an interfacial vector exchange DMI. To avoid long range
dipole-dipole interactions that result in coupling of the domain walls within or between neighbor-
ing racetracks, the net magnetization of the racetrack can be reduced to nearly zero by creating
a synthetic antiferromagnetic racetrack in which two nearly identical magnetic multilayers are
formed on top of each other and coupled to one another via an ultrathin antiferromagnetic cou-
pling layer (typically from a ruthenium layer about 7 A thick) such that the magnetizations in the
two multilayers are aligned opposite to one another. It has been shown that the chiral domain
walls formed in these complex synthetic antiferromagnetic racetracks can be moved to and along
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the racetracks very efficiently at speeds exceeding 1 km/s via nanosecond-long current pulses (83,
95), as discussed further in Section 4.2.

Electrostatic gating methods have been used to achieve voltage control of the DMI and,
thereby, skyrmion generation in several systems, such as Ta/CoFeB/TaO,, Pt/Co/CoQO,, and
Ta/IrMn/CoFeB/MgO/Al, O; (46, 96, 97), but magneto-ionic approaches have not been explored
much. In recent work, Diez et al. (87) showed an irreversible, nonvolatile change of the DMI in
Co/Pt thin-film heterostructures via ionic liquid gating that resulted in oxidation of the Co layers.
This, in turn, gave rise to a considerable change in domain-wall motion driven by magnetic fields
as compared with prior work on electrostatic gating using the solid-state electrolyte HfO, (79).
Voltage control using ionic gels combined with strain has been used to modulate the DMI and
thereby skyrmion bubbles in the Ta/CoFeB system deposited on a flexible substrate (98). Recently,
Zhang et al. (99) have successfully controlled skyrmion generation in a perpendicularly magne-
tized Mn, CoAl/Pd thin-film system using ionic liquid gating through both nonvolatile and volatile
modifications of the magnetic properties. In comparison to voltage control of skyrmion gener-
ation by conventional gating across a nonorganic solid-state oxide electrolyte (46, 96), smaller
voltages can be used in the ionic liquid gating case (Figure 34). These early results have shown
that magneto-ionic methods are potentally useful for skyrmion-based research and applications.

4.2. Synthetic Antiferromagnetic Thin Metallic Films

In addition to ferromagnetic metallic systems, the magneto-ionic approach has also been applied
to synthetic antiferromagnetic (SAF), ferrimagnetic, and antiferromagnetic thin-film systems.
In the SAF system, two magnetic sublayers are separated by a metal spacer that couples
them antiferromagnetically through an interlayer exchange coupling known as the Ruderman—
Kittel-Kasuya—Yosida interaction (101-103). The SAF system is considered an ideal system for
next-generation spintronic devices since it allows for fast magnetization dynamics and high tun-
ability (83, 95, 103). Just as with ferromagnetic metallic thin-film systems, ionic liquid gating can
modify the degree of oxidation of the upper magnetic sublayer in the SAF structure closest to the
EDL and thus can lead to changes in magnetic properties (87-89). Yang et al. (89) reported tuning
of the magnetization reversal process and the hysteresis loops in SAF systems formed from both
in-plane magnetized Ta/FeCoB/Ru/FeCoB and out-of-plane magnetized Ta/(PtCo),/Ru/(PtCo),
via ionic liquid gating. In recent work by Guan et al. (88), a reversible antiferromagnetic-to-
ferromagnetic transition of the sublayers in an SAF structure through ionic liquid gating was
reported. The authors showed that this was the result of significant oxidation of the upper mag-
netic layer in an out-of-plane magnetized P/CoNiCo/Ru/CoNiCo SAF system. As a result, an
ionic liquid gate—induced change in the current-induced domain wall motion is realized with
a much larger magnitude compared with the ferromagnetic case (Figure 35). This is due to
reversible changes, either enhancements or diminishments, in the netimbalance between the mag-
netization of the two magnetic sublayers, which in turn modify the exchange coupling torque (95)
exerted on the SAF domain wall. Guan et al. (88) further designed an ionic liquid gate—controlled
device, a domain wall switch, based on the transition between an SAF domain wall and a ferro-
magnetic domain wall, that demonstrates a magnetic-ionic approach for functional logic devices
beyond memory devices.

4.3. Ferrimagnetic Thin Metallic Films

Ferrimagnetic systems have attracted much attention in recent years since they combine key ben-
efits of both ferromagnetic and antiferromagnetic systems. A ferrimagnet is typically composed of
two distinct magnetic sublattices, in each of which the magnetic moments are ferromagnetically
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Examples of magneto-ionic research on magnetic metallic thin films. (#) Magnetic field H, dependence of the normalized Kerr signal
for the Pt/Mn; CoAl system for different gate voltages applied by an ionic liquid. Panel adapted from Reference 99; copyright 2021
American Physical Society. (b) Ionic liquid gate control of synthetic antiferromagnetic (SAF) domain wall velocity versus injected
current density; the inset shows a schematic illustration of ionic liquid gating on a magnetic racetrack device. Panel adapted from
Reference 88; copyright 2021 Springer Nature. (c) Schematic illustration of a device layer structure demonstrating deterministic 180°
voltage-controlled reversal of net magnetization when the ferrimagnetic GdCo layer is loaded (/eft) and unloaded (right) with hydrogen
in the structure NiO/Pd/GdCo/Pd with an Au/GdO,, gate. Panel adapted with permission from Reference 47; copyright 2021 Springer
Nature. (d) Ionic liquid gate voltage-dependent contour mapping of anomalous Hall resistivity ranging from 50 to 300 K in the
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exchange coupled but the exchange coupling between the sublattices is antiferromagnetic. The
net magnetization, that is, the degree to which the sublattice magnetizations are different, allows
the state of the ferrimagnet to be easily detected (unlike antiferromagnets, which possess no net
magnetization). This net moment, depending on the specific system, can often be manipulated
by temperature, magnetic field, or materials engineering approaches. Furthermore, the smaller
net magnetization gives rise to significantly faster magnetization dynamics. For these reasons,
ferrimagnetic systems are very interesting for spintronics applications (104-110).
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Perhaps the archetypical metallic ferrimagnetic materials system is that of alloys formed from
one or more rare earth (RE) elements (e.g., Gd, Tb) and one or more transition metal (TM) el-
ements (e.g., Co, Fe), such as GdCo, GdFeCo, and FeTb. These systems have been studied in
various contexts for decades (105, 107-110). The structure of these alloys is typically amorphous,
and the RE and TM elements form ferromagnetically aligned sublattices, the moments of which
are oriented antiparallel to each other. Since the magnetization of the RE sublattice varies much
more strongly with temperature than that of the TM, there is typically a so-called magnetization
compensation temperature where the two sublattices have exactly equal and opposite moments
such that the net magnetic moment at this temperature is zero. These systems have been exten-
sively explored in multiple contexts ranging from magneto-optical recording and magnetization
dynamics to spin transport, but voltage control of such systems has been little developed to date.
Recently, by using a solid-state electrolyte gate formed from GdO,/Au, Huang et al. (47) realized
the magneto-ionic manipulation of the ferrimagnetic order in a Pt/GdCo/Pd thin-film structure.
Under a positive gate voltage, the gate catalyzes water dissociation sourced from ambient humidity
and thereby injects protons into the GdCo layer, while a negative gate voltage enables proton ex-
traction. Such hydrogen loading and unloading results in a sizable change in the magnetic moment
of the Gd sublattice while allowing for a much smaller change in the Co sublattice moment, re-
sulting in the controlled switching of the dominant sublattice between the Gd and Co sublattices.
Gating in this way also results in a significant shift of over 100 K in the compensation temperature
while a voltage-controlled deterministic 180° magnetization reversal is realized in the absence of
any external magnetic field (Figure 3¢). Huang et al. (47) further utilized gate-controlled local-
ized moment switching for the generation of domain walls and skyrmions, which are of potential
interest for realizing magneto-ionic solid-state memory and logic functions. Wang et al. (111)
reported nonvolatile changes in the coercive field, anomalous Hall resistance, and compensation
temperature in GdFeCo ferrimagnetic thin films by ionic liquid gating. They showed that the
compensation temperature can be modified by as much as 29 K for a gate voltage of —4 V, which
they attributed to the redox reaction of the active Gd element with oxygen ions from the ionic
liquid. These initial studies have demonstrated that a magneto-ionic approach is interesting for
the manipulation of ferrimagnetic systems, especially considering the different chemical reaction
activities of the RE and TM sublattices.

4.4. Antiferromagnetic Metallic Films

Antiferromagnetic systems are of great theoretical interest, but detecting their magnetic con-
figuration is nontrivial due to the absence of any net magnetization, which makes their use in
applications more challenging (104, 106). One important use for antiferromagnets is that they
can give rise to an offset field in the magnetization versus magnetic field hysteresis loop of a fer-
romagnetic layer (or nanoparticle) that is in direct contact to an antiferromagnet. This is known
as an exchange bias field. Exchange bias has been used in magnetic sensors to set the direction of
a magnetic layer either locally, as in sensors based on anisotropic magnetoresistance, or globally,
as in spin-valve sensors based on the giant magnetoresistance effect (112). The voltage control of
exchange bias could be highly useful in the development of low-energy-consumption spintronic
memory devices (113). Magneto-ionic control of exchange bias via oxygen ion migration has
been demonstrated in several systems such as IrMn/Fe/FeO, and Pt/Co/Ni/HfO, (45, 114). In
both of these systems, the oxygen ions in the oxide electrolyte migrate into or away from the
ferromagnetic layer and influence its oxidation level. Such a redox-based chemical reaction will
change the effective thickness of the ferromagnetic layer and thus the saturation magnetization
and perpendicular magnetic anisotropy, which in turn influences the exchange bias. Zehner
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et al. (48) recently reported magneto-ionic control of exchange bias in NiO/Pd/Co/Pd via
proton pumping using a solid gate of Gd(OH);/Au. The loading and unloading of protons in
the Pd/Co/Pd system affect the perpendicular magnetic anisotropy and therefore influence the
exchange bias, which can be achieved by applying a sequence of voltage and magnetic fields
(48).

Apart from exchange bias, the potential of antiferromagnetic systems themselves for realizing
low-energy-consumption and high-speed spintronic devices has attracted much attention in re-
centyears. Ithas been claimed that the Néel vector in the collinear antiferromagnets CuMnAu and
Mn;Au can be reversed via novel local spin—orbit torques generated by an electric current passing
through the materials’ layers (106, 115, 116). However, these claims have recently been challenged
(117, 118), and the role of temperature-induced resistive switching (i.e., nonmagnetic effects) was
shown to be dominant. Studies have explored the magneto-ionic control of these collinear an-
tiferromagnets, but the effects were weak compared with voltage control manipulation via, for
example, ferroelastic strain from a piezoelectric substrate (116).

In addition to collinear antiferromagnets, noncollinear, chiral antiferromagnets such as the
Mn;X (X = Sn, Ge, Ga, Pt) system have also attracted much attention since they exhibit large
anomalous Hall signals even with negligible magnetization (119, 120). The large anomalous Hall
signal has an intrinsic origin from the Berry curvature derived from the electronic band structure
of these Weyl semimetals (119, 120). Such exotic properties make these noncollinear, chiral an-
tiferromagnets very interesting prospective candidates for information encoding. Qin et al. (100)
successfully realized ionic liquid gate control of the anomalous Hall resistivity of ultrathin Mn;Ge
films. They found that they could switch off the anomalous Hall resistivity under positive gate volt-
ages at various temperatures (Figure 3d). They claimed an electrostatic origin since the changes in
the anomalous Hall resistivity were found to be volatile and argued that changes in the carrier den-
sity of such thin films via electrostatic doping changes the chemical potential, which subsequently
switches off the anomalous Hall effect (100). It is very unusual that the electrostatic gating of a
good metal can significantly modify the carrier density to have much effect, but this work never-
theless raises the questions of whether a magneto-ionic approach for manipulating the properties
of noncollinear antiferromagnets is feasible and what the detailed underlying mechanism is. The
rich physics and tantalizing prospects for applications make antiferromagnetic systems promising
platforms for future spintronics research using magneto-ionic approaches.

5.IONIC GATE TUNING OF 2D VAN DER WAALS MATERIALS

The family of 2D van der Waals (vdW) materials, which are layered materials that possess
anisotropic bonding with strong covalent bonds within the plane and weak vdW bonds per-
pendicular to the plane, has received enormous interest in recent years because they exhibit
unique physical properties as compared with their 3D counterparts. Such properties include
continuous phase transitions, quantum metallic states, and localization of electrons (121). Since
the first experiments on graphene (122), there has been an extremely rapid increase in the family
of 2D vdW materials studied, including metals (e.g., NbSe;), semiconductors (e.g., MoS,), and
insulators (e.g., hexagonal boron nitride) (123-125). Electric-field effects have been widely used
to tune the physical properties of large numbers of 2D vdW materials, such as their IM'TS, super-
conductivity, and magnetism, as well as to mimic synaptic plasticity for neuromorphic computing
devices (37, 123, 124, 126-128). In the following sections, ionic gate control, especially using the
electrochemical approach, of superconductivity and magnetism in 2D vdW materials, including
TM dichalcogenides (TMDs), honeycomb bilayer superconductors, and 2D ferromagnetic
materials, is briefly introduced.
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5.1. Ionic Gate Tuning of Superconductivity in 2D van der Waals Materials

Since the first groundbreaking work on thin-film superconductivity in 1938 (129), 2D supercon-
ductivity has been intensively studied. Thanks to significant developments in the methods used to
prepare 2D superconducting materials, the crystallinity of 2D films has greatly improved, and the
preparation of single- or few-atom-thick layers has been achieved (123, 130). Such improvements
have enabled access to superconductivity at the 2D limit as well as provided for a platform for
searching for new physics, including attempts to realize the holy grail of room temperature super-
conductivity. TMDs with the formula MX, (where M is a TM and X is a chalcogen) are a family
of 2D vdW layered materials that offer a wide range of electronic properties. Since electrons are
largely confined within the covalently bonded layers, intrinsic 2D superconducting features can be
expected from a TMD monolayer. An extremely interesting characteristic is Ising superconduc-
tivity, which has recently been observed in several TMDs including MoS,, WS,, Ta$,, and NbSe;,
(123,124, 131, 132). The in-plane upper critical magnetic fields of these Ising superconductors
are far larger than the Pauli limit as a result of an Ising spin—orbit coupling that pins the electron
spins to the out-of-plane direction and thereby prevents the electron spins within the Cooper
pairs from being polarized in-plane (123, 124, 131, 132). Ionic gating approaches are perfectly
suited to manipulating the properties of single- or few-monolayer vdW systems since very large
changes in 2D carrier densities are possible at this atomic limit. This method has been widely used
in TMD systems to trigger electronic phase transitions, including transitions into a superconduct-
ing state as in, for example, studies on the gating of thin flakes of MoS, with the 2H-type crystal
structure (124). Using a dual-gate configuration composed of an ionic liquid top gate and a solid
back gate with an HfO, dielectric layer, the continuous modulation of the carrier density below
superconducting ordering temperature 7 was explored by first approaching the quantum critical
point of superconductivity via ionic liquid gating and then tuning this superconducting state using
conventional back gating. The latter results in a continuous increase in the 7¢ of MoS,; (124).

In addition to the voltage control of superconductivity in 2D vdW materials via electrostatic
doping, electrochemical processes can also be utilized. The ionic gate-induced manipulation of
the 2D vdW Ising superconductor WS,, which possesses highly interesting properties such as
superior Ising protection and a second insulating state subsequent to the superconducting dome
(131, 133), has been extensively explored. The superconducting phase has been realized in WS;,
and its T¢ has been enhanced up to 8.6 K via reversible electrochemical doping with K* ions
using an electrolyte medium of KClO,4 and polyethylene glycol. This process results in a K*-
intercalated compound, K, WS,, which is superconducting over a range of K*-intercalation for x
values from ~0.05 to ~0.2. Interestingly, while T, varies under different gate voltages in MoS,,
the T¢ in WS; is fixed under various gate voltages and disappears when a dominating, nonsuper-
conducting state appears after overdoping with potassium above x ~ 0.4 (133). In the work of
Yoshida et al. (134), the voltage control of T¢ in NbSe, shows both reversible and irreversible
changes as the gate voltage is varied. In the high-voltage regime, where electrochemical processes
are dominant, an irreversible decrease of T¢ is associated with chemical etching of the film. In
the work of Hitz et al. (135), however, through electrochemical processes based on Li* ion in-
tercalation, the superconductivity in NbSe; can be readily manipulated by ionic liquid gating:
NbSe; shows a lower T¢ under zero voltage than does pristine NbSe,, which is regarded to be a
result of the spontaneous intercalation of Li* ions into the vdW gaps. A nonmonotonic increase
of T¢ with decreasing negative voltage is also observed due to the competition between the ex-
traction of Li* and intercalation of ClO4~ (134, 135). Research on the vdW material SnSe; has
confirmed that Li* ions are driven in between the SnSe; layers and form a single reservoir layer
that provides electrons and that, thereby, enhances T up to 4.8 K (136). Another example is thin
flakes of 1'T-TaS, (Figure 4a—c), in which ionic gating at low temperatures induces multiple phase
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Figure 4

Examples of ionic gate—induced tuning of physical properties in 2D van der Waals materials. () Schematic illustration of ionic gating
of an exfoliated 1T-TaS; flake. (b) Side view of the 1'T-TaS; crystal structure with ionic gate-induced Li™ ion intercalation.

(¢) Temperature-dependent resistance at fixed gate voltages for a 14-nm-thick 1'T-TaS; flake. The inset, which serves as a color-coded
reference of gate voltage, displays the gate-induced electronic phase transition between nearly commensurate and incommensurate
charge-density wave states at 310 K. (4) Phase diagram of a trilayer Fe; GeTe; sample as the gate voltage V; and temperature are varied,
revealing room temperature (RT) ferromagnetism via ionic liquid gating. (¢) Polar chart of gate voltage-dependent magnetic
anisotropic energy of a Fes Ge'Te; flake with a thickness of 23 nm at 2 K (red dots) and 50K (blue dots). Panels a— adapted with
permission from Reference 34; copyright 2015 Springer Nature. Panel 4 adapted with permission from Reference 127; copyright 2018
Springer Nature. Panel e adapted with permission from Reference 139; copyright 2022 Springer Nature.

N . . . o Erratum >
transitions from a Mott insulator to a metal, with a five-orders-of-magnitude change in resistance

and superconductivity finally emerging in a textured charge-density wave state (34). Note that
the voltage-controlled intercalation of Li* and Na* ions has been widely used to manipulate su-
perconductivity in other 2D materials such as flakes of the iron-based superconductor FeSe and
honeycomb bilayer superconductors (137, 138).

Ionic gating manipulation of the honeycomb bilayer superconductor has been realized for the
archetypical band insulator ZrNCI. The honeycomb bilayer structure is formed as follows: Three
(ZrNCl), monolayers bonded by vdW interactions form a unit cell of ZrNCI, while the double
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honeycomb (ZrN)* layers are sandwiched by two CI~ layers in each monolayer. A strong co-
valent interaction exists within the (ZrN)* double layer in comparison with the relatively weak
interaction between the (ZrN)* and CI~ layers. In contrast to the chemically doped bulk case,
where phase separation is commonly observed, electrochemical gating of ZrNCI can tune the su-
perconductivity while circumventing phase separation (138). Ionic liquid gated Li,ZrNCI shows
superconductivity in the low carrier density regime down to x = 0.0038 with the highest T¢,
19.0 K, for x = 0.011. In other honeycomb bilayer superconductors, such as ZrNCI, HINCI, and
ZrNBr, the highest T induced by electrochemical gating is ~24.9 K for HINCI (140). When
high gate voltages are applied, a highly temperature-sensitive reversible gate-induced insulator—
superconductor transition is observed in these materials. The most astonishing finding is that
by continuously decreasing the amount of Lit ion intercalation in ZrNCI, a monotonic in-
crease of the dimensionless coupling strength A/Ep (where A is the superconducting gap and
Ey the Fermi energy) above 0.3 is observed, indicating a voltage-controlled crossover between a
Bardeen—Cooper-Schrieffer state and a Bose-Einstein condensation state.

5.2. Magnetism in 2D van der Waals Materials

Despite the vast range of physical phenomena exhibited by 2D vdW materials, until recently,
magnetic systems have been less explored, even though layered and vdW bonded magnetic crystals
have been available for some time. There are many promising avenues for research into magnetic
2D vdW materials, especially including heterostructures that combine different vdW materials,
such as materials with distinct magnetic orders or the combination of a magnetic vdW material
with a superconducting vdW material or ferroelectric vdW material. Another highly interesting
avenue for exploration is gating with intense electric fields.

The search for 2D vdW magnetic materials is often conducted via exfoliation from a bulk lay-
ered parent compound that is magnetic (141). Due to the Mermin-Wagner-Hohenberg theorem,
long-range magnetic order cannot be sustained at the 2D limit (142), so there is no guarantee of
long-range 2D magnetism when decreasing the material dimensions from 3D to 2D. The pres-
ence of magnetic anisotropy, however, can overcome this fundamental obstacle. Strong spin—orbit
coupling can give rise to significant magnetic anisotropy and, thereby, allow for the realization of
2D magnetic order (127,128, 143). The first experimental confirmation of magnetism in 2D vdW
materials was observed in monolayer Crl; and bilayer CrGeTe; (128, 143, 144). For the case of
CrGe'le;, the magnetism does not survive to the monolayer limit due to the absence of magnetic
anisotropy (144); for the case of Crl;, on the other hand, the existence of spin—orbit coupling helps
magnetism to survive even down to the monolayer limit (143). This has also been demonstrated
for monolayers of CrCl; that were prepared by molecular beam epitaxy (145).

Studies of the thickness dependence of the magnetic ordering in Crl; revealed an antiferro-
magnetic coupling between the ferromagnetically ordered monolayers. These studies showed that
the magneto-optical Kerr signal disappears when varying the layer number from 1 to 2 and reap-
pears when the layer number is further increased to 3 (143). The antiferromagnetic coupling at
the 2D limit was unexpected as Crl; is ferromagnetic in the bulk case. These different behaviors
between bulk and one- to few-layer-thick vdW materials highlight the reasons for extreme interest
in these materials.

The effect of electric fields on the magnetism of few-layer-thick Crl; has been explored
in a dual-gate configuration with solid gates. Electrostatic doping can readily manipulate the
magnetization, coercive field, and Curie temperature in monolayer Crl;, with a corresponding en-
hancement or diminishment enabled by hole or electron doping, respectively. In the bilayer Crl;
case, electrostatic doping was found to introduce a reversible change in the coupling between the
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antiferromagnetic and ferromagnetic interlayers (128). With the aid of a fixed applied magnetic
field, voltage-controlled switching of the bilayer Crl; was realized, which is very interesting for
future spintronic devices based on 2D vdW materials.

The presence of magnetism at the monolayer limit was later observed in exfoliated flakes of the
2D ferromagnet Fe; Ge'Te, and its siblings with different iron compositions (127, 139). The metal-
lic nature of this material has enabled the investigation of its magnetism using the anomalous Hall
effect. The uniqueness of 2D ferromagnetism in Fe; Ge'Te; is related to two thickness-dependent
transitions. The first is that the magnetic hysteresis loop exhibits a perfect rectangular shape with
ultrasharp switching at corresponding coercive fields in thin Fe;Ge'Te, films, while in the thick
regime, the magnetic hysteresis loop possesses a more complex shape, and labyrinthine magnetic
domains are observed (127). The second thickness-dependent transition is that from a 3D Heisen-
berg ferromagnet to a 2D Ising ferromagnet when shrinking the thickness of a Fe; Ge'Te; film from
the bulk to the monolayer limit. Electric-field effects have also been used to investigate the 2D
magnetic properties of Fe; Ge'le;, but by using an ionic gating approach (127). With a Li-based
electrolyte, the Curie temperature of a trilayer Fe; Ge'Te, film under increasing positive gate volt-
age increases from 100 K at the pristine state to above room temperature but then decreases with
further increases in gate voltage (Figure 4d). The coercive field also shows a nonmonotonic re-
sponse to increasing gate voltage at a fixed temperature. A proposed interpretation is that Li*
ion intercalation by ionic gating induces a substantial shift of the electronic bands in Fe;Ge'Te,.
Therefore, such an increase in the density of states at the Fermi level fulfills the Stoner crite-
rion of itinerant ferromagnetism and thus realizes room temperature 2D ferromagnetism (127).
Such a model of Li* ion intercalation also accounts for the results of a very recent study of ionic
gate-induced magnetic anisotropy in Fe;Ge'Te, (139) (Figure 4e). To conclude, the ionic gating
approach has proven to be very effective in manipulating 2D magnetism and is worthy of further
investigation.

6. NEUROMORPHIC COMPUTING VIA IONIC GATING

Modern von Neumann computing architectures suffer from large energy consumption needs and
high latency of data transmission due to serial data processing and the separation of data storage
and processing. One approach to next-generation computing systems that could circumvent these
bottlenecks and allow for higher energy efficiency is neuromorphic computing, which allows for
the integration of data processing and memory (146). Neuromorphic computing concepts are
inspired by the massive parallelism, robust computation, and efficiency of the human brain. In
the brain, pre- and postsynaptic neurons are connected via massive numbers of adaptive synaptic
connections. These act as a complete processor in which data are stored as tunable strengths of
synaptic connections. Incoming signals (action potentials) from the presynaptic neurons travel
along axons and across the synapses via neurotransmitters to the postsynaptic neurons. Different
types of neural functions can be triggered depending on the spatiotemporal differences between
the incoming signals and the plasticity of the synaptic connections (146).

Concerning the timescale of activity variations, synaptic plasticity can be classified into two
main types: short term and long term. In short-term synaptic plasticity, a temporal enhancement of
a synaptic connection quickly decays to its initial state on a timescale of milliseconds to a few min-
utes; such temporal and spatial characteristics of neural activity can be realized by enhancing the
synaptic transmission in a controllable manner. In long-term synaptic plasticity, the enhancement
of the synaptic connection is maintained on a much longer timescale, from minutes to hours or
even permanently, and has thus been widely considered the biological basis for long-term learning
and memory. Artificial synapses with both short- and long-term plasticity can be emulated using
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an ionic gating approach through combinations of electrostatic and electrochemical processes
that consider their respective volatile and nonvolatile natures. This makes ionic gating potentially
highly useful for achieving the tunability needed for neuromorphic computing (37, 38, 147-149).
An artificial synapse based on an ionic gate—controlled phase transition is as follows: The gate
contact acts as the terminal from the presynaptic cell, while the drain and source contacts act as
the postsynaptic cell. When no gate voltage is applied, the channel between the source and the
drain is highly resistive or even insulating, leading to a very low or diminished current. With
increasing gate voltage, an ionic gate—controlled electronic phase transition takes place, thereby
modulating the conductance of the channel and allowing for the transmission of high current. As
a result, gate voltages with different frequencies and amplitudes are equivalent to the stimuli from
the presynaptic cell and thus trigger different action potentials (current flows through the source
and drain) in the postsynaptic cell.

The ionic gating approach, as introduced in Sections 3, 4, and 5, has significant advantages
with respect to mimicking synaptic plasticity as it can tune the properties of materials with high
precision and reversibility as well as in multiple analog steps. Moreover, the nonvolatility of the
ionic gating approach enables decoupling of data programming and storage processes, which leads
to both low-power switching and good retention properties. The most widely used material sys-
tem for building an artificial synapse is VO,, as it can be grown with high crystalline quality on
different substrates and can exhibit a well-defined insulator-to-metal phase transition that can be
manipulated through multiple methods such as with an electric field or by thermal or even optical
control. These crucial characteristics have made VO, an ideal material platform for emulating
artificial synapses with high reliability, scalability, and stability (147, 148). In the work of Deng
et al. (147), utilizing an ionic gel gate, a VO, Mott transistor deposited on a mica substrate was
developed to simulate the functions of a biological synapse with tunable short-term and long-
term plasticity realized by gate voltage-induced volatile electrostatic carrier accumulation and
nonvolatile proton doping (Figure 5a-c). Deng et al. (147) successfully simulated an important
sensory neuron, the nociceptor, by achieving multiple essential synaptic functions in a synaptic
transistor with key characteristics of threshold, relaxation, and sensitization. Such a synaptic tran-
sistor exhibits superior stability with a high tolerance to exterior mechanical forces. Simulation
results demonstrated a high recognition accuracy for handwritten digits (>95%) in a convolu-
tion neural network built from these synaptic transistors (147). In the work of Li et al. (148), by
combining an electrochemical gating method and ultraviolet irradiation, nonvolatile multilevel
control of VO, films by oxygen stoichiometry engineering was realized. Based on this reversible
regulation of VO, films using ultraviolet irradiation and ionic gating, Li et al. (148) demonstrated
a proof-of-principle neuromorphic ultraviolet sensor with integrated sensing, memory, and pro-
cessing functions at room temperature and also proved its silicon-compatible potential through
the wafer-scale integration of a neuromorphic sensor array. The device displayed linear weight
updates via optical writing because the metallic phase proportion increases almost linearly with
the light dosage. Moreover, the artificial neural network consisting of this neuromorphic sensor
can extract information from the surrounding environment that is carried by ultraviolet light and
can significantly improve recognition accuracy from 24% to 93% (148).

In addition to neuromorphic computing devices built with VO,, there has also been a plethora
of work on emulating synapses using ionic gate-induced intercalation of Lit and Na™ ions in the
family of 2D materials (37, 38, 149, 150). In the few-layer graphite system, room temperature volt-
age control of Lit ion intercalation was used to develop a graphene-based synapse with ultrafast
switching speeds (150). A decoupling of the writing and reading processes was realized through
turning on and off the gate voltage during the writing and reading process, respectively. This is due
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Figure 5

Examples of artificial synapses based on ionic field-effect transistors. (#) Schematic illustration of a biological chemical synapse
composed of a presynaptic membrane, synaptic cleft, and postsynaptic membrane and the corresponding artificial synapse formed from
an electrolyte-gated VO;-channel Mott transistor. () Short-term and (¢) long-term plasticity via monitoring the EPSC in the
VO,-based synapse for different gate voltages. (d) A schematic showing synaptic interactions enabled by the diffusion of PRPs among
multiple synapses and (¢) the corresponding multisynaptic device formed from MoS;. (f; /ef?) Potentiation and depression cycles of
device A in the multisynaptic device shown in panel e and (f, right) the corresponding conductance changes in nonstimulated devices B,
C, and D when device A was potentiated or depressed. Panels 2 adapted with permission from Reference 147; copyright 2021 Wiley.
Panels e—f'adapted with permission from Reference 37; copyright 2019 Spring Nature. Abbreviations: EDL, electric double layer;

EPSC, excitatory postsynaptic current; PRPs, plasticity-related proteins.

to the nonvolatile nature of the electrochemical approach as the states of synapses can be main-
tained when the gate voltage is turned off. The synapse thus exhibits a low power consumption
of less than 500 fJ per switching event and analog tunability between more than 250 nonvolatile
states, as well as good endurance and retention behavior (more than 6,000 pulses). This work is
significant for the development of multifunctional neuromorphic computing systems, especially
considering the compatibility of graphene with today’s complementary metal oxide semiconduc-
tor architecture (150). Yang et al. (149) reported an all-solid-state electrochemical transistor made
with a Li* ion—based solid dielectric and 2D a-phase MoO; nanosheets that form the channel.
Through reversible intercalation of Li* ions into the a-MoOj lattice, a nonvolatile conductance
modulation in an ultralow conductance regime is achieved in these devices. Based on this operat-
ing mechanism, some essential functionalities of synapses, such as short- and long-term synaptic
plasticity and bidirectional near-linear analog weight updates, were demonstrated. Simulations us-
ing handwritten digit data sets were used to demonstrate the high recognition accuracy (94.1%)
of the synaptic transistor arrays.
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The TMDs can also be utilized to emulate synapses by intercalating ions into the vdW gap or
by ion intercalation-induced structural changes (37, 38). Artificial synapses fabricated from thin
films of the vdW material WSe, exhibit comparable performance to that of a biological synapse,
with a diversity of short-term and long-term plasticity including excitatory postsynaptic current,
paired pulse facilitation, spiking-rate dependent plasticity, and dynamic filtering; such devices also
possess ultralow energy consumption (~30 {J) and remarkable linearity and symmetry of their re-
sistance response. Zhu et al. (38) also carried out a detailed transmission electron microscopy
characterization and ab initio calculations to reveal the underlying mechanisms that accounted
for the observed short- and long-term plasticity. They find that these are a result of surface ab-
sorption and internal intercalation in the WSe; vdW gap, which causes different poststimulation
diffusion dynamics. An effective manipulation of synaptic activity is then carried out via tailor-
ing the electrochemical gating and consequent diffusion dynamics by varying the thickness and
structure of the vdW materials as well as the number, duration, rate, and polarity of gate simu-
lations, which show the diversity of artificial synapses emulated by vdW materials for low-power
neuromorphic systems (38). In the MoS, thin-film system, ionic gating can result in a reversible
electronic phase transition between a semiconducting and a metallic phase due to a local structural
(2H-1'T") phase transition resulting from Li* ion redistributions. Such a modulation leads to reli-
able memristive behavior in MoS,-based synaptic devices. In addition, the high in-plane diffusivity
of Li* ions in turn allows for efficient ionic coupling of multiple MoS; devices (Figure 5d—e) and
provides a mechanism for implementing synaptic competition and synaptic cooperation effects in
bioinspired artificial neural networks (37). These results demonstrate that ionic gate—controlled
synaptic transistors formed from vdW materials are promising candidates for the exploitation of
neuromorphic systems with complex functions in the future.

7. FUTURE PROSPECTS AND CHALLENGES

This review covers recent progress in the ionic gate control of material properties of diverse sys-
tems, particularly changes in properties resulting from an electrochemical mechanism, namely
the electric field-induced migration of ions. Even though electrostatic doping mechanisms show
potential for enabling relatively fast, reversible, and reproducible changes in the properties of the
gated material, a strong limitation of this approach is its highly interfacial nature because it is
limited by the penetration depth of the gating electric field. Electrochemical processes, on the
contrary, can go well beyond an interfacial region due to the electric field-induced migration of
diverse ionic species, which is driven by chemical potential gradients as the ionic species are added
to or removed from a region close to the ionic gate and channel region, resulting in phase trans-
formations of materials. A highly useful aspect of the electrochemical approach is that it can be
nonvolatile. The ionic gating approach has been proven to be highly effective in modulating many
structural, electronic, magnetic, and superconducting properties of various material systems, in-
cluding TM oxides, magnetic metallic thin films, and 2D vdW materials. Multiple new physical
phenomena have been revealed from electrochemical-induced changes in diverse materials, and a
variety of functional devices have been realized or proposed that suggest paths toward real applica-
tions, especially toward the building of neuromorphic computing devices and systems of devices.
However, there still remain many open questions and challenges, which make this field of research
highly interesting.

One basic question lies in the detailed mechanisms that underlie ionic gating. Both the elec-
trostatic and electrochemical processes accompany each other, so it is of great importance to
understand the cooperation and competition between these two processes, especially with re-
spect to the optimal device configuration, the preferred combinations of electrolytes and target
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materials, and the voltages needed. There is already nascent research work focused on these issues,
such as the real-time imaging of the migration of oxygen vacancies, but in the future, more exper-
imental and theoretical approaches are needed to develop a thorough understanding. These will
allow for the selective separation and combination of electrostatic and electrochemical processes,
which will greatly benefit both material and functional device research.

Even though ionic gating approaches have attractive characteristics that are well suited for
application-oriented computing architectures, such as neuromorphic computing, there remain
highly interesting challenges, such as those involving response time and device size for large-scale
integration. Very high response times using an electrochemically based ionic gating approach
remain a challenge since the switching time is constrained by the ion mobility and chemical reac-
tion times. Pursuing electrolyte materials with higher ion mobilities, modifying the target material
structure, and designing improved device configurations are possible solutions for decreasing the
response time. Solutions for device size and integration issues may come from developing tech-
nologies such as ion gel printing and patterning methods compatible with ionic liquids. In this
regard, solid electrolytes and ionic conductors are appealing for developing highly scaled devices.

Newly emerging material systems, such as 2D vdW materials, are a fertile ground for exploring
new physics through ionic gating methodologies. Compared with the vast amount of research
on electronic phase transitions, work on electrochemically based ionic gating approaches is still
limited, especially in the field of 2D ferromagnetism. The flourishing field of 2D vdW magnetic
materials will very likely provide a broader platform for magneto-ionic approaches to bring about
a wealth of intriguing fundamental science discoveries with a high potential for use in a range of
applications.

To conclude, ionic gating allows for the voltage control of the properties of a very wide range
of materials and thus shows great potential for realizing diverse categories of functional devices.
A promising future can be foreseen for ionic gating in both fundamental research and real-world
applications.
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