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ABSTRACT

Magneto-ionic gating, a procedure that enables the modulation of materials’ magnetic properties by voltage-driven ion motion, offers alternative
perspectives for emerging low-power magnetic storage and spintronic applications. Most previous studies in all-solid-state magneto-ionic sys-
tems have focused on the control of interfacial magnetism of ultrathin (i.e., 1–3 nm) magnetic films, taking advantage of an adjacent ionic con-
ducting oxide, usually GdOx or HfOx, that transports functional ionic species (e.g., H

þ or O2�). Here, we report on room-temperature OFF–ON
ferromagnetism by solid-state magneto-ionics in relatively thick (25 nm) patterned CoOx films grown on an yttria-stabilized zirconia (YSZ)
layer, which acts as a dielectric to hold electric field and as an O2� ion reservoir. Upon negatively biasing, O2� ions from the CoOx tend to
migrate toward the YSZ gate electrode, leading to the gradual generation of magnetization (i.e., OFF-to-ON switching of a ferromagnetic state).
X-ray absorption and magnetic circular dichroism studies reveal subtle changes in the electronic/chemical characteristics, responsible for the
induced magnetoelectric effects in such all-oxide heterostructures. Recovery of the initial (virtually non-magnetic) state is achieved by application
of a positive voltage. The study may guide future development of all-solid-state low-power CMOS-compatible magneto-ionic devices.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0206743

The control of magnetism by means of voltage-driven ion motion,
i.e., magneto-ionics, is emerging as an important enabler for advanced
next-generation energy-efficient magnetic memory and computing tech-
nologies. Magneto-ionics can cause a large nonvolatile modulation of a
variety of magnetic properties, such as coercivity, anisotropy, magnetiza-
tion, exchange bias, domain wall motion, or skyrmion density, even
inducing transitions between paramagnetic and ferromagnetic states in
some cases.1–6 Most magneto-ionic studies have focused on the effects
of triggering the motion of ions from an ion reservoir (e.g., HfO2,

7

GdOx,
8 and liquid electrolyte with Liþ in dissolution9) to an adjacent

target magneto-ionic film (typically, a ferromagnetic metal or ferrimag-
netic transition metal oxide). In addition, we have shown during the last
few years, that it is also possible to induce the appearance of ferromag-
netic properties starting from initially paramagnetic films that contain
the mobile ions (e.g., O2� or N3�) in their structure.10–13 However, so
far, structural ion approaches have involved immersing the films of
interest in a liquid electrolyte which, upon voltage application, acts as an

ion reservoir. The use of liquid electrolytes is advantageous for funda-
mental studies since it enables the generation of large electric fields
through very narrow electric double layers. However, liquid electrolytes
are often detrimental for practical applications. Shifting paradigm to all-
solid magneto-ionic structures is appealing but often challenging
because of the occurrence of pinholes that preclude application of suffi-
ciently high electric fields to trigger ion motion.

However, it is known that yttria-stabilized zirconia (YSZ) is
widely explored as an efficient oxygen ion conductor in the context of
solid oxide fuel cells and oxygen sensors, thanks to the high oxygen
vacancy concentration introduced in the ZrO2 crystal structure upon
addition of an optimal amount of Y2O3 (thereby providing high O2–

ion conductivity).14–16 Recently, a superior hydrogen magneto-ionic
response was demonstrated in an ultrathin-layer stack YSZ/Co/Pt sys-
tem (YSZ as a proton-conducting oxide) by electrolyzing atmospheric
water (humidity), giving rise to proton-induced control of interfacial
magnetic anisotropy.17
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Here, we demonstrate the viability of voltage-controlled genera-
tion of ferromagnetism from paramagnetic oxides at room tempera-
ture by motion of oxygen ions in Pt (top electrode)/CoOx patterned
films grown on a YSZ layer, which acts as a dielectric to hold electric
field and as an oxygen ion reservoir. YSZ is grown atop a conducting
Si substrate, that serves as bottom electrode (all-solid-state configura-
tion). The main magnetic parameters of the induced ferromagnetic
behaviors (coercivity, saturation magnetization, and squareness ratio)
are found to scale with the gating time in an analogic manner. A
threshold voltage to induce all these effects is also noted. These features
suggest that this approach may find applications in solid-state mag-
neto-ionic synaptic applications.18–20

YSZ dielectric oxide films (60 nm in thickness) were grown by
pulsed laser deposition (PLD) on n-doped (with resistivity in the range
0.01–0.015X cm) Si(001) wafers. The Si(001) crystal acts as substrate
and also as a bottom electrode during electrolyte gating. During the
PLD process at high temperature (T¼ 800 �C), the YSZ films grow
epitaxially onto Si after local reduction of the native SiOx.

21–23 The
(001)-oriented growth of YSZ is confirmed by x-ray diffraction h–2h
scans (see supplementary material S1). Subsequently, an array of disks
of �100lm in diameter, comprising cobalt oxide (CoOx) and a Pt

capping layer, were deposited at room temperature by magnetron
sputtering, on the YSZ film using shadowmasks. The oxide was depos-
ited by reactive sputtering under a partial pressure of 3� 10�3Torr.
The thicknesses of CoOx and Pt layers are 25 and 5nm, respectively.
Co L2,3 x-ray absorption (XAS) study on the as-grown sample reveals a
predominant Co2þ oxidation state with minor Co3þ contribution (see
supplementary material S2). For electrical actuation of the CoOx/YSZ
heterostructures, negative bias voltages, VG, were applied to the Pt
top electrode at room temperature through a probe tip connected
to a TFAnalyser2000 platform (aixACCT Systems GmbH), while
grounding the bottom electrode Si, as shown in Fig. 1(a). Gate vol-
tages up to �7 V were applied to prevent partial breakdown of the
devices. Ex situ magnetometry measurements using a longitudinal
magneto-optical Kerr effect (MOKE) were used to record the in-
plane hysteresis loops of the disks. Furthermore, XAS and x-ray
magnetic circular dichroism (XMCD) analyses were used to probe
the local electronic structure evolution. To favor the depth sensitiv-
ity of the measurements, the XAS signal in fluorescence yield mode
was collected at the BL29 BOREAS beamline of the ALBA
Synchrotron Light Facility, Spain.24 All the characterizations were
conducted at room temperature.

FIG. 1. (a) Sketch of the CoOx/YSZ devices and the oxygen ion migration mechanism in the heterostructures upon electric field actuation. Under negative VG, part of the oxy-
gen ions bonded to Co are injected into the YSZ electrolyte lattice, which is rich in oxygen vacancies. The upper right inset shows the optical micrograph of the fabricated
device with bias voltages, VG, applied to the Pt top electrode through a probe tip. Scale bar: 50 lm. (b) Hysteresis loops of the CoOx/YSZ heterostructures in the as-grown state
(in black), after applying a VG¼�5 V for 10 s (treated state, in red), and after a final biasing using opposite voltage (þ5 V) for 80 s (recovered state, in blue). (c) Co L2,3-edge
XAS and XMCD spectra for the as-grown, treated, and recovered CoOx/YSZ structures. Absorption spectra of right (l

þ) and left (l�) circularly polarized x rays are depicted in
dashed red and black solid lines, respectively.
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Figure 1(b) shows the in-plane hysteresis loops recorded via a
longitudinal magneto-optical Kerr effect (MOKE) for the as-grown,
treated (VG¼�5V for 10 s), and recovered (VG¼�5V for 10 s fol-
lowed by VG¼þ5V for 80 s) samples. While virtually no MOKE sig-
nal is observed in the pristine state, in agreement with the
paramagnetic character of CoOx at room temperature (i.e., OFF ferro-
magnetism), a clear hysteresis loop develops (i.e., ON ferromagnetism)
after actuation using negative voltage. The appearance of hysteresis
behavior is related to the partial reduction of CoOx to Co due to the
migration of oxygen ions toward the YSZ layer as a response of the
negative bias application. It is known that ion-conducting YSZ thin
films typically work effectively above �450 �C in solid oxide fuel
cells.25,26 When YSZ is used as a reservoir, for instance, in SrCoO3�d/
YSZ and VOx/YSZ heterostructures,27,28 voltage-controlled oxygen dif-
fusion can induce electrochemically triggered phase transition at tem-
peratures above 300 �C. It is remarkable that in the present work the
property changes are observed while applying voltage at room temper-
ature, without the need of any heat treatment. Figure 1(b) also reveals
that magnetic recovery (i.e., the disappearance of MOKE signal) can
be achieved by applying an opposite (i.e., positive) gate voltage.

Fluorescence yield Co L2,3-edge XAS and XMCD spectra—the
latter is calculated as the difference between the XAS spectra measured
with left and right circularly polarized photons (l� and lþ, respec-
tively)—for the as-grown, treated, and recovered CoOx/YSZ structures
are shown in Fig. 1(c). Note that the XAS recorded in total electron
yield mode, which is more surface sensitive and probes only approxi-
mately a 5nm top layer, shows no observable changes in the spectra of
the as-grown and treated samples (see supplementary material S3),
implying that the modification of electronic structure may take place
at the CoOx/YSZ interface region. The difference in absorption spectral
shapes is negligible in the XAS recorded with the opposite helicities for
the as-grown sample, correlating with the predominant paramagnetic
behavior of the as-grown CoOx. It is worth noting that the XMCD
spectrum, though, reveals traces of a weak ferromagnetic contribution.
This small ferromagnetic signal is common in sputtered cobalt oxide
films,29,30 and can be attributed to a small fraction of residual Co clus-
ters that do not become fully oxidized during the sputtering process
and/or the formation of a weak ferromagnetic order at the CoO/
Co3O4 interface (i.e., uncompensated spins).31 However, after gating, a
clear discrepancy between the lþ and l� polarized XAS spectra
becomes visible near the L3 edge (at photon energy of around 778 eV).
The main L3 (L2) peak shows more (less) intensity in the spectrum for
l� polarization compared with lþ polarization. Consequently, there is
an important intensity increase at both L3 (negative peak) and L2
(positive peak) edges in the XMCD profile, and, therefore, an incre-
ment in magnetic moment, for the gated sample. This is consistent
with the observed ferromagnetism generation upon voltage actuation
in the MOKE study. The reversible changes of the XAS intensity and
XMCD signals, as shown in Fig. 1(c), constitute another clear evidence
for the room-temperature ON–OFF switching of the ferromagnetic
states. In fact, room-temperature voltage-driven transportation of O2�

species through oxygen vacancies in the YSZ film was reportedly
responsible for the reversible, nonvolatile multi-level conductance
states in the WO3/YSZ system, rendering interesting neuromorphic
functionalities using relatively low voltages.32 Another interesting
reported effect is the resistive switching in Pr1�xCaxMnO3/YSZ hetero-
structures due to the application of positive biases, which induces O2�

migration from Pr1�xCaxMnO3 to the tunnel YSZ layer.33 It should be
pointed out that in previous studies on magneto-ionics using a liquid
electrolyte and relatively thick Co3O4 layers (of the order of 100–
200 nm), voltage actuation times of the order of 30min or longer were
required to induce significant changes in the induced magnetiza-
tion.10,29 Here magneto-ionics effects are much faster. This can be due
to the employed lower thickness of CoOx, which accelerates magneto-
ionics,29 or the presence of the top Pt capping layer. Indeed, recent
studies have shown that noble metals can induce fast interfacial oxygen
migration due to the weakening of the metal–oxygen bond in some
transition metal perovskite oxides.34 Also interesting is that the recov-
ery time (80 s) is much longer than the time needed to trigger
magneto-ionics (10 s). This can be due to a combination of factors.
First, if oxygen ions diffuse long distances from their initial position, it
might be difficult to bring them back to their original location. If they
remain in other parts of the sample (forming, e.g., Co3O4 clusters),
they will not necessarily move back easily to reoxidize ferromagnetic
Co clusters. However, YSZ might be more prone to oxygen than
CoOx, which makes the reverse oxygen ion transport more difficult.
Finally, an additional factor could be, as observed in some other mate-
rials such as SrCoOx, that there could be simultaneous oxidation and
reduction of Co due to the motion of oxygen ions and protons.35,36

To further investigate the OFF–ON switching of ferromagnetism,
Fig. 2(a) illustrates the MOKE hysteresis loops recorded ex situ on the
CoOx/YSZ heterostructures gated under VG¼�5V for different actu-
ation times, tG. A ferromagnetic-like hysteresis loop develops already
at tG¼ 5 s, indicating the onset of magneto-ionics in this system.
Remarkably, the MOKE loops become wider and the Kerr amplitude
increases when increasing the gating duration. As shown in the evolu-
tion of coercivity (HC) and squareness ratio (MR/MS) as a function of
tG [see Fig. 2(b)], both HC and MR/MS experience a significant rise
during the first 10 s, and then they grow at a slower rate up to 50 s,
where they eventually tend to level off. More specifically, HC rapidly
increases up to 11.2Oe within the first 10 s of voltage actuation, giving
rise to an increased rate of 1.1Oe/s. By increasing tG up to 50 s,HC fur-
ther increases to 29.0Oe, representing a reduced average rate of
0.6Oe/s in this period. A similar trend is observed in the variation of
MR/MS. The changes inHC andMR/MS continue with tG and approach
34.7Oe and 0.75, respectively, for the maximum tG used in our experi-
ments (100 s). A similar behavior is also observed in the amplitude of
the Kerr signal evolution, as seen from the inset of Fig. 2(b). From
these observations, it can be speculated that in the first stages of voltage
application, small (ferromagnetic) cobalt clusters are formed, which
tend to grow in size upon sustained gating. This causes an increase in
magnetic anisotropy and a reduced influence of thermal agitation
effects, resulting in larger HC and MR/MS values. The monotonic
increase in coercivity with biasing duration suggests that the generated
ferromagnetic counterparts are probably rather isolated, with limited
exchange/dipolar interactions among clusters which would be detri-
mental to coercivity.

Finally, we also observed a strong dependence of the hysteresis
behavior on the magnitude of the applied gate voltage, as shown in
Fig. 3(a). Ferromagnetic-like hysteretic behavior with appreciable MS

emerges under a gate voltage of �1V. Above this threshold voltage,
the ferromagnetic response becomes more and more pronounced,
i.e., the squareness ratio gets gradually larger, with increasing magni-
tude of the gate voltage, indicating progressive reduction of the CoOx
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FIG. 3. (a) MOKE hysteresis loops for the CoOx/YSZ heterostructures after gating under different voltages for a duration tG¼ 10 s. (b) Dependence of coercivity (HC) and
squareness ratio (MR/MS) on the magnitude of gating voltages, obtained from panel (a). Red and blue open circles are data points, and the solid lines are guides to the eye.
The inset in (b) shows the magnitude of the Kerr signal under an in-plane applied field of 200 Oe. (c) Co L2,3-edge XAS and XMCD spectra for the as-grown and treated (under
different VG) CoOx/YSZ structures. Absorption spectra of right (l

þ) and left (l�) circularly polarized x rays are depicted in dashed red and black solid lines, respectively.

FIG. 2. (a) MOKE hysteresis loops for the CoOx/YSZ heterostructures after gating under VG¼�5 V for various times. (b) Dependence of coercivity (HC) and squareness ratio
(MR/MS) on gating duration (tG). Red and blue circles are data points, and the dashed lines are drawn as a guide to the eye. The inset in (b) shows the magnitude of the Kerr
signal under an applied in-plane magnetic field of 200 Oe.
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layer due to voltage-driven electrochemistry processes. As plotted in
Fig. 3(b), the values of HC and MR/MS increase continuously from
zero for VG¼ 0V to 34.7Oe and 0.74, respectively, after gating under
VG¼�7V for 10 s. This correlates with the monotonic increase in
Kerr signal. Co L2,3-edge XAS and XMCD spectra for the as-grown
and treated (under different VG) CoOx/YSZ structures are shown in
Fig. 3(c). After gating, while no significant changes in voltage-
dependent average XAS spectra are observed (probably due to the rela-
tively large beam spot size, �100 lm2),33 the generation of the XMCD
signal, therefore the magnetic moment, becomes visible. Note that the
XMCD spectra change their signs when the direction of the applied
magnetic field is reversed (not shown), confirming that the observed
XMCD signals are of magnetic origin. The observed changes in the
absorption spectral shape and the progressive enhancement of the
XMCD signal are consistent with the MOKE results, confirming
magneto-ionic switching from non-magnetic to ferromagnetic state in
CoOx/YSZ heterostructures upon electrolyte gating.

In summary, we have experimentally demonstrated electrical con-
trol of magnetization in the relatively thick CoOx/YSZ solid-state system
at room temperature, using magneto-ionic gating. The electrochemical
reduction of CoOx due to the application of negative gate voltages, asso-
ciated with oxygen ion migration toward the ionic conducting YSZ
layer, leads to the generation of magnetization and the occurrence of fer-
romagnetic hysteresis behavior. Both the coercivity and squareness ratio
of the hysteresis loops increase with increasing the magnitude of the
applied voltage and/or the gating duration (up to a certain saturation
value). These trends are presumably related to the formation of
small (ferromagnetic) cobalt clusters in the first stages of voltage
application, which tend to grow in size upon sustained gating. The
monotonic increase in coercivity with biasing duration suggests that the
generated ferromagnetic counterparts are rather isolated, without pro-
nounced exchange or dipolar interactions among clusters that would be
detrimental to coercivity. These effects can be attributed to voltage-
driven O2� ion motion across the CoOx/YSZ interface. This study
reveals oxygen migration in all-solid-state magneto-ionic systems based
on Si-compatible YSZ, an oxide that is widely employed in oxygen sen-
sors or as an electrolyte for solid oxide fuel cells due to its high ion
conductivity.

See the supplementary material for x-ray diffraction h–2h scan of
YSZ/Si(001), XAS spectra of as-grown cobalt oxide and reference sam-
ples, and XAS studies of the as-grown, treated, and recovered CoOx/
YSZ structures.
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